Methods for propagating a non sinusoidal signal without distortion in dispersive lossy media by Robert H. Flake et al.
(12) United States Patent 
Flake et al. 
USOO73756O2B2 
(10) Patent No.: US 7,375,602 B2 












METHODS FOR PROPAGATING ANON 
SNUSODAL. SIGNAL WITHOUT 
DISTORTION IN DISPERSIVE LOSSY 
MEDIA 
Inventors: Robert H. Flake, Austin, TX (US); 
John F. Biskup, Ridgecrest, CA (US); 
Su-liang Liao, Taipei (TW) 
Assignee: Board of Regents, The University of 
Texas System, Austin, TX (US) 
Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 332 days. 
This patent is Subject to a terminal dis 
claimer. 
Appl. No.: 11/010,198 
Filed: Dec. 10, 2004 
Prior Publication Data 
US 2005/0213684 A1 Sep. 29, 2005 
Related U.S. Application Data 
Continuation-in-part of application No. 10/224,541, 
filed on Aug. 20, 2002, now Pat. No. 6,847,267, 
which is a continuation-in-part of application No. 
09/519,922, filed on Mar. 7, 2000, now Pat. No. 
6,441,695. 
Int. C. 
H04B 3/04 (2006.01) 
GOIR 3L/II (2006.01) 
GOIK I7/00 (2006.01) 
U.S. Cl. ........................ 333/20:324/533: 324/642: 
324/451; 324/160; 374/102; 375/242: 327/346 
Field of Classification Search .................. 333/20; 
324/629, 637,639, 642, 644, 645, 160, 178, 
324/451,533: 327/346; 374/102; 375/242 
See application file for complete search history. 
(56) References Cited 
U.S. PATENT DOCUMENTS 
3,668,415. A 6, 1972 Marilleau ................... 307/106 
(Continued) 
FOREIGN PATENT DOCUMENTS 
GB 1 455 712 11, 1973 
OTHER PUBLICATIONS 
Brillouin, Wave Propagation and Group Velocity. New York, New 
York: Academic Press Inc., pp. 96, 1960. 
(Continued) 
Primary Examiner Barbara Summons 
(74) Attorney, Agent, or Firm Fulbright & Jaworski LLP 
(57) ABSTRACT 
Systems and methods are described for transmitting a wave 
form having a controllable attenuation and propagation 
Velocity. An exemplary method comprises: generating an 
exponential waveform, the exponential waveform (a) being 
characterized by the equation V-De'SPPSP, where D is 
a magnitude, V is a Voltage, t is time. As is an attenuation 
coefficient, and Vs is a propagation velocity; and (b) being 
truncated at a maximum value. An exemplary apparatus 
comprises: an exponential waveform generator; an input 
recorder coupled to an output of the exponential waveform 
generator, a transmission line under test coupled to the 
output of the exponential waveform generator, an output 
recorder coupled to the transmission line under test; an 
additional transmission line coupled to the transmission line 
under test; and a termination impedance coupled to the 
additional transmission line and to a ground. 
42 Claims, 57 Drawing Sheets 
Reference length of Identical Transmission 
Transmissionine Line Joined atx=d 






US 7,375,602 B2 
Page 2 
U.S. PATENT DOCUMENTS 
4,176,285 A 11/1979 Norris ........................ 307/106 
4,559,602 A 12/1985 Bates, Jr. . ... 702/71 
4,566,084 A 1/1986 Laine .......................... 367/49 
4,630,938 A 12/1986 Piórkowska-Palczewska 
et al. ........................... 374/44 
5,051,595 A * 9/1991 Kern et al. 250/458.1 
5,142,861 A 9, 1992 Schlicher et al. .......... 60/230.1 
5,319,311 A 6, 1994 Kawashima et al. ........ 324/534 
5,321,632 A 6/1994 Otsuji et al. ......... ... 364,562 
5,452.222 A 9/1995 Gray et al. ....... ... 702/122 
5,461,318 A * 10/1995 Borchert et al. .. ... 324,533 
5,641,318 A 6, 1997 Vetter ............ ... 493,189 
5,650,728 A 7, 1997 Rhein et al. ... 324,543 
5,686,872 A 11/1997 Fried et al. .... ... 333.22 R 
5,713,665 A 2/1998 Kato et al. .................... 374/43 
5,857,001 A 1/1999 Preuss et al. ... 375/257 
5,877,997 A 3, 1999 Fell .................. ... 367/99 
6,097,755 A 8/2000 Guenther, Jr. et al. 375,228 
6,441,695 B1 8/2002 Flake .......................... 333/20 
6,531,879 B1* 
6,614.323 B2 * 
3/2003 Nero, Jr. ..... 
9/2003 Wagh et al. ... 
... 324,534 
... 332,106 
... 333.20 6,847,267 B2* 1/2005 Flake et al. .... 
7,200,434 B2 * 4/2007 Havel et al. ................... 607/8 
2007/0204686 A1* 9, 2007 Solis ....................... T3,152.45 
OTHER PUBLICATIONS 
Davidson et al., “Long lossy lines (L) and their impact upon large 
chip performance.” IEEE Trans Comp Packag Manufact Technol, 
20(4), 1997. 
Deutsch et al., “High-speed signal propagation on lossy transmis 
sion lines.” IBM J Res Develop, 34:601–615, 1990. 
Fake et al. "Advances in test technology for high-performance 
system interconnects.” 12" International Conference, Mixdes 2005, 
Krakow, Poland Jun. 22-25, 2005. 
Fake et al., “Part II (Experiments) signal propagation without 
distortion on lossy transmission lines having frequency dependent 
parameters.” Proceedings of the 9" IEEE workshop on signal 
propagation on interconnects, pp. 51-54. May 10-13, 2005 
Garmish-Partenkirchen, Germany. 
Flake and Biskup, In: Signal Propagation without Distortion in 
Dispersive Lossy Media, 11" IEEE Intl. Conf. Electronics, Circuits 
and System Proceed. Israel, 2004. 
Flake, “Part I (Theory) signal propagation without distortion on 
lossy transmission lines having frequency dependent parameters.” 
Proceedings of the 9" IEEE workshop on signal propagation on 
interconnects, pp. 43-45, May 10-13, 2005 Garmish-Partenkirchen, 
Germany. 
Groudis and Chang, "Coupled lossy transmission line characteriza 
tion and simulation.” IBM J Res Develop, 25:25-41, 1981. 
Ismail and Friedmann, “Repeater insertion in tree structured induc 
tive interconnect.” IEEE Trans Circuits Syst II, 48:471-481, 2001. 
Johns and Martin, “Analog integrated circuit design.” In: Analog 
Integrated Circuit Design, Wiley & Sons, Inc., NY, 317-326, 1997. 
Kalluri. In: Electromagnetics of Complex Media, CRC Press, pp. 
3-4, 1998. 
Pozar, “Microwave engineering.” Addison-Wesley, pp. 67-70 and 
126-128, 1990. 
Proakis, In: Digital Communications, WCB McGraw-Hill, 3" Ed., 
Boston, pp. 167-173, 1995. 
Ramo et al. In: Fields and Waves in Modern Radio, John Wiley & 
Sons, Inc., 2" Ed., New York, pp. 23-26, 272-273, 1953. 
Razavi and Wooley, “Design techniques for high-speed, high 
resolution comparators.” IEEE J Solid-state Circuits, 27:1916 
1992, 1992. 
Sauter, In: Nonlinear Optics, John Wiley & Sons Inc., NY. p. 127, 
1996. 
Sommerfeld, In: Mechanics of Deformable Bodies Lectures On 
Theoretical Physics, Academic Press, Inc., NY. vol. II:96-98, 1950. 
Szabo and Ostlund, “Introduction to advanced electronic structure 
theory.” In: Modern Quantum Chemistry, Dover Pub, Inc., Mineola, 
pp. 142-145, 1989. 
Weber, In: Linear Transient Analysis, Wiley, NY. vol. II:273, 1954. 
Wheeler and Crummett, “The vibrating string controversy.” AM J 
Phys, 55(1):33-37, 1987. 
* cited by examiner 
  




U.S. Patent May 20, 2008 Sheet 2 of 57 US 7,375,602 B2 
Reference Length of identical Transmission 
Transmissionine Line Joined at X=d 
SDTransmitter 
Record input Record at X=d Rt=o 
FIG. 2 
TOF at 4 Volt Threshold 
(t-to) 
Voltage atx = d 





U.S. Patent May 20, 2008 Sheet 3 of 57 US 7,375,602 B2 
Wolts 6 /\ MN 
a GE / V N 




Time 2000 Overlap Region 
of Flight - u- - es-SP . 
(nse) 1500 
O) 
O 2 3 4. 5 6 





U.S. Patent May 20, 2008 Sheet 4 of 57 US 7,375,602 B2 
12 
10 Voltage at 
8 x = 0 
SD Threshold Voltage at R =o 






Time 4000 Overlap Region 




O 0.5 1 15 2 2.5 3 
Threshold Voltage (volts) 
FIG. 5B 
  


















O 2 3 4 5 6 7 8 9 10 
Time (useC) 
FIG.6B 













dBm Equivalent to 
HZ -80 o=1x105 to 1x10sec 
-00 




U.S. Patent May 20, 2008 Sheet 7 of 57 US 7,375,602 B2 
Regions Equivalent to 





-4 -3 -2 -1 O 2 3 4 
Frequency (MHz) 
Regions Equivalent to 




O 1 2 3 4. -4 -3 -2 -1 
Frequency (MHz) 
FIG. 8 
U.S. Patent May 20, 2008 Sheet 8 of 57 US 7,375,602 B2 
Region of SD 
Threshold Measured initial Signal A1 Simulated Signal 
A1 at 1002 ft É 
Time (useC) 
; 
O 2 3 4. 5 6 
Threshold Voltage (Volts) 
FIG. 9 
SD Region-> 







U.S. Patent May 20, 2008 Sheet 9 of 57 US 7,375,602 B2 






0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 




O 0.05 0.1 0.15 O2 0.25 0.3 0.35 0.4 




U.S. Patent May 20, 2008 Sheet 10 of 57 US 7,375,602 B2 
-- Simulation Results 
o Experimental Result 
an 
O 1 2 3 4 5 6 7 8 9 10 
o=(x10 sec) 
FIG. 13A 
0. O O 8 
-e- Simulation Results 
S 
o Experimental Result 





U.S. Patent May 20, 2008 Sheet 11 Of 57 US 7,375,602 B2 
Reference Length of 
Transmission line 
SD Transmitte 
-VSD(R) at d with R= oo 
-VSD(R) at d with R=98.62 
-VSD(R) at d with R=49.5Q. 





U.S. Patent May 20, 2008 Sheet 12 Of 57 US 7,375,602 B2 
1.5 WSD(R=98.6) e SDUto-0919 


























0 1 2 3 4 5 6 7 8 9 10 
Alpha (x10 sec) 
FIG. 16 
  
U.S. Patent May 20, 2008 Sheet 14 of 57 US 7,375,602 B2 












Se 10 15 go e 
Time (Sec) 
an 




g 20 25 30 2 2. 





is 30 Timiser) A. 
FIG. 17 
  
US 7,375,602 B2 Sheet 15 Of 57 May 20, 2008 U.S. Patent 
( 
  




U.S. Patent May 20, 2008 Sheet 17 of 57 US 7,375,602 B2 
- Region of 
COrrelation Measured 
Waveform at 
20 22 24 26 28 30 32 34 
Region of 
COrrelation g 



















11,500 12,000 12,500 13,000 











D Minimum at 12,216 ft 
12,180 12,210 12,240 12,270 
Estimated Distance (ft) 
FIG. 21 
  




















U.S. Patent May 20, 2008 Sheet 20 of 57 US 7,375,602 B2 











Measured at 6kft 
12 4. 6 18 20 22 
Time (useC) 




22 24 26 28 30 32 34 
Time (useC) 





Measured at 18kft 





U.S. Patent May 20, 2008 Sheet 22 of 57 US 7,375,602 B2 
8 1 N 
7 SDRegion of V 
6 SDRegion of V 









3 4 5 6 7 8 9 
Time (useC) 
FIG. 24 
V Attenuated and 








U.S. Patent May 20, 2008 Sheet 23 Of 57 US 7,375,602 B2 
8 
6 









Time 3500 Overlap Region 
of Flight 8 A as a Ya Y sax seas 
(nsec) 3000 
2500 
O O. O.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Threshold Voltage (volts) 
FIG. 26B 
  
U.S. Patent May 20, 2008 Sheet 24 of 57 US 7,375,602 B2 
SD Region of V 
Reflected From 
Short Circuit 
SDRegion of V 
Woltage Termination 
















U.S. Patent May 20, 2008 Sheet 25 of 57 US 7,375,602 B2 
inverted 
SD Threshold Reflection Wave 
Overlap Region from 1002 ft, V 
Threshold Voltage (volts) 
FIG. 29A 
SE). Threshold 
O O. O.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Threshold Voltage (volts) 
FIG. 29B 
  
U.S. Patent May 20, 2008 Sheet 26 of 57 US 7,375,602 B2 
2.5 
2 
Applied 5 Signal Measured 
Voltage Applied to Cable 
Voits (volts) Signal Measured 
0.5 Applied to 
Resistor Zo 





at input 1.5 
(volts) 
Signal Measured 
Applied to Cable Signal Measured 
0.5 \ Applied to 
Resistor Z. 
O-Hi Sissless === A 5%---- --- 
5 O 1 2 3 4 
Time (useC) 
FIG. 31 
6 7 8 9 10 
  
U.S. Patent May 20, 2008 Sheet 27 Of 57 US 7,375,602 B2 
0.8 
HestCo)l (W) 
0.2 O -ketok 
-4 -3 -2 -1 O 1 2 3 4. 
Frequency (MHz) 
40 
-N MHestCo) (?ad) 0 s 
-20 
-40 




U.S. Patent May 20, 2008 Sheet 28 Of 57 US 7,375,602 B2 























Threshold Voltages (Volts) 
F.G. 35A 
4000 
3500 SD. Threshold 
Time of Overlap Region 
(nSec) 
2500 
0 (0.01 (0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 O. 
Threshold Voltage (volts) 
FIG. 35B 
  
U.S. Patent May 20, 2008 Sheet 30 of 57 US 7,375,602 B2 

















U.S. Patent May 20, 2008 Sheet 31 Of 57 US 7,375,602 B2 
5 
ge 0 
S Symbol Period 
-5 
5 2 2.5 3 3.5 4 4.5 5 5.5 6 
Time (useC) 
2 P 


























U.S. Patent May 20, 2008 Sheet 33 of 57 US 7,375,602 B2 




- Slope sec 
7.5 8 8.5 9 9.5 10 10.5 
Time (msec) 
3.28x10 sec 






















-2 O 2 4 6 8 O 2 
Time (useC) 
FIG. 41 
I \-1 \XXX/I 
Yi (Volts) X-XY X) 
7 




U.S. Patent May 20, 2008 Sheet 35 of 57 US 7,375,602 B2 
O 5 10 O 
  
  





2 k—12 sec Symbol Period— s 




U.S. Patent May 20, 2008 Sheet 37 of 57 US 7,375,602 B2 






U.S. Patent May 20, 2008 Sheet 38 of 57 US 7,375,602 B2 










10 12 4. 6 Time (used 
S2 Transmitted 
| N/ | 
2 4. 6 10 12 14 Time (use 
Wolts 
| /\sime 
A. V - - - - - - a--- 










U.S. Patent May 20, 2008 Sheet 40 of 57 US 7,375,602 B2 
12 14 16 18 20, 22 24 26 
Time (useC) 
12 14 16 18 20 22 24 26 
12 4. 16 8 20 22 24 26 





U.S. Patent May 20, 2008 Sheet 41 of 57 US 7,375,602 B2 
At Transmitter At Receiver 
Generate Polynomial SD Set X 
Generate Orthonormal set Y=Axl 
Using Recursive Algorithm 
Shape Set Y with Sine Pulse to 
Generate Y=AX 
Transmit Yalong with 
Compensating Pulse C 
Determine Constants bto Cancel 
Inter Symbol Interference 
Z=Y+b-C 
Generate Orthonormal Set S Using 
Principle Component 
DeComposition S=BZ 
Transmit Array b along 
With Matrix B 
Generate S=B(AX+b.C 


































a expected a detected 





0.5 -0.5 O 0.5 





0.5 -0.5 O 0.5 























2 946.1 iMeasurements : 









O 480 980 1440 1920 24OO 2880 
2880 measurements (480 measurements in each day) 
FIG 55 
Tempe=-83.30x Delays+59900 
MSE:= 144 : 
945.8 945.85 945.9 945.95 948 946.05 946.1 946.15 946.2 946.25 946.3 
Average Delay (nsec) 
FIG. 56 
  
U.S. Patent May 20, 2008 Sheet 46 of 57 US 7,375,602 B2 
28 - - - - - - - - - ---------------------------------------------------. ------------i- 
R = 40.74:Olmm LF 
RC = 9.3 psimm’ 





; Select t=;3 ps 
; 19.4 psimm x 10 mm = 194ps Line Delay in 10 mm path 
- 
1 8 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
16- - - - - - - 
& 
se 
Selectit= 3 ps: : 












ate Tools Browse Window Help 
6. 13pt Application font 
- Initializing instrument. . . . 
oErrors 
H-LoadSD Wavefrom... -- 
oErrors 
-5et the amplitude to volt. . . . 
orrors 
-Turn on output... 
orrors 
- Asking for errors detected. . . . 
Instrument Answer; ERROR CODE: 0 
May 20, 2008 Sheet 47 of 57 US 7,375,602 B2 












dosing Pulse (nsec) 
3. 1. ... 
Applied and Reflected Signals for 300 ft of RG 58 U Coax 
400 600 









3.s: st t 
250,0' 3000 35.0 399,0 
1600 
Reflected SD Voltage 
g 















May 20, 2008 Sheet 48 of 57 
Natural Log of Applied SD Voltage for RG 58 U Coax 
400 420 440 460 480 500 520 
Time (nsec) 
Natural Log of Reflected SD Voltage for RG 58 U Coax 
1340 
-- 




File Edit Operate Tools Browse Window Help 
s - 
- Asking for errors detected... -- 
Instrument Answer; ERROR CODE: O 
Message"No error" 
o 
OO 500 OO. 
Time (nsec) 
150,0: 20,025.0 300.0 - 350,0: 399.0 




s" wis' "ri" . . . . . . 
No Errors 











U.S. Patent May 20, 2008 Sheet 49 of 57 US 7,375,602 B2 
360 450 500 550 1400 1450 1500 
Time (nsec) Time (nsec) 
F.G. 62 
Applied and Reflected Signals for 300 ft of RG58U Coax 
-- -T -T- 
600 800 1000 1200 1400 1600 
Time (nsec) 
Applied SD Woltage Reflected SD Voltage 
g g 
450 500 550 1400 1450 1500 





U.S. Patent May 20, 2008 Sheet 50 of 57 US 7,375,602 B2 









440 480 480 500 520 540 560 580 
Time (nsec) 
Natural Log of Reflected SD Voltage for RG 58 U. Coax 
s 
14OO 1420 1440 1460 1480 1500 1520 1540 
Time (nsec) 
FIG. 63B 
st r - r - - - - - - - - - - - - - - - - - 
- - - - - - - - - - - - - - - - - - -- 
500 550 1500 1550 
Time (nsec) Time (nsec) 
FIG. 63C 
  
U.S. Patent May 20, 2008 Sheet 51 of 57 US 7,375,602 B2 
Applied and Reflected Signals for 300 ft of RG 58 UCoax 
400 600 800 1000 1200 1400 1600 
Time (insec) 
Applied SD Woltage Reflected SD Woltage 
s -- 5 
S. D 
400 450 500 550 1350 1400 1450 1500 
Time (nsec) Time (insec) 




380 400 420 440 460 480 500 520 540 
Time (insec) 
















U.S. Patent May 20, 2008 Sheet 52 of 57 US 7,375,602 B2 
O. value 2 
(1/sec) 
450 500 550 1400 1450 1500 
Time (insec) Time (nsec) 
FIG. 67 
Applied and Reflected Signals for 300 ft of RG 58 U Coax 
600 800 OOO 1200 14OO 1600 
Time (nsec) 
Applied SD Voltage Reflected SD Voltage 
g g 
450 500 S50 400 1450 1500 






U.S. Patent May 20, 2008 Sheet 53 of 57 US 7,375,602 B2 




-6 -- -- - - --- - - 
440 460 480 500 520 540 560 580 
Time (insec) 




1400 1420 1440 1460 1480 1500 1520 1540 
Time (nsec) 
o value 2...N.A.A. 2...N1,N.J.i. 
(1/sec) 
- * * * * r * r wrv rrrr w w w r n - - - - - - - - - - - - - - - - - - - - - - - - - 
500 550 600 1450 1500 1550 



















-5 Overlap Region 
-8 400 420 440 460 48O 500 52O 540 560 58O 
Time (nsec) 
Slope = c = 2 x 10 (1 sec) 
Overlap Region 









- - - - - De 
- De'+B (where 8>0) O6 
Volts 
Sho 420 440 460 480 500 52O 540 560 
- - - - - In(De") = ln(D) + at 
- In(De+B) (where B>0) 








- - - - - Del 
- De+B (where B&O) O6 
Volts 0.4 
So 420. To 460 480 5OO 520 540 560 
- - - - - In(De") = ln(D) + at 
In(De'+B) (where B&O) 
Slope in SD Threshold 
Overlap Region > cy 





U.S. Patent May 20, 2008 Sheet 56 of 57 US 7,375,602 B2 
• Bias1 (bias of applied signal) 







U.S. Patent May 20, 2008 Sheet 57 of 57 US 7,375,602 B2 
946 
Max = 945.87 insec 
; : Min = 945.831:nsec 
945.95 : Range = 45 pSec 
Mean = 945,859 insec 
c F 0.0097 nsec 
9 4. 5. 9 
94 5 8 5 
945.75 
9457 10 2O 30 40 50 60 
60 measurements 
FIG. 75 
g2576 945.78 945.8 94.5.82 945.84 945.86 945.88 945.9 945.92 94594 945.96 
Time of Flight (nsec) 
FIG 76 
  
US 7,375,602 B2 
1. 
METHODS FOR PROPAGATING ANON 
SNUSODAL. SIGNAL WITHOUT 
DISTORTION IN DISPERSIVE LOSSY 
MEDIA 
CROSS-REFERENCES TO RELATED 
APPLICATIONS 
This application is a continuation-in-part of, and claims 
priority to, U.S. patent application Ser. No. 10/224.541 filed 
Aug. 20, 2002, now U.S. Pat. No. 6,847,267, which is a 
continuation-in-part of U.S. patent application Ser. No. 
09/519,922, filed Mar. 7, 2000, now U.S. Pat. No. 6,441,695. 
The entire text of each of the above related applications is 
incorporated by reference in its entirety. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The invention relates generally to the field of signal 
transmission. More particularly, a representative embodi 
ment of the invention relates to transmission line testing and 
communication. 
2. Discussion of the Related Art 
Transmission lines, with their characteristic loss of signal 
as well as inherent time delay, may create problems in 
designing systems that employ a plurality of signals, which 
may be subject to delay and distortion. Typical signals used 
to generate inputs to transmission lines generally exhibit 
delay or propagation times that are not easily determinable. 
The propagation velocity of these waves is also variable 
with displacement along the transmission line. 
A Time Domain Reflectometer (TDR) is a test instrument 
used to find faults in transmission lines and to empirically 
estimate transmission line lengths and other parameters 
characterizing the line. Such as: inductance per unit length, 
capacitance per unit length, resistance per unit length and 
conductance per unit length. 
An important measurement in TDR test technology is the 
time-of-flight (TOF) of a test pulse generated by the instru 
ment and applied to the line. The time-of-flight may be 
measured by timing the passage of the pulse detected at two 
locations along the line. Along with a value of the propa 
gation speed of the pulse, time-of-flight measurements can 
allow one to obtain the distance between measurement 
points or, in the case of a reflected wave, the distance from 
the pulse launch point to the location of the impedance 
change causing the pulse to be reflected and returned. 
A fundamental limitation in TDR technology is the poor 
accuracy of TOF measurements in lossy, dispersive trans 
mission lines. The relatively high TDR accuracy of TOF 
values obtainable in short low loss, low dispersion trans 
missions lines is possible only because the propagating test 
pulses keep their shape and amplitude in tact over the 
distances they travel during TOF measurements. By con 
trast, in dispersive, lossy long transmission lines the test 
pulses used in the art change shape, amplitude, and speed as 
they travel. 
Further, it is difficult to provide high-speed communica 
tions in a lossy, frequency dependent transmission media. It 
would be advantageous to have a method to increase data 
transmission rates in Such transmission lines. 
Until now, the requirements of providing a method and/or 
apparatus for accurately measuring times-of-flight, estimat 
ing line lengths and other parameters characterizing lossy, 













communications via Such transmission media have not been 
met. What is needed is a solution that addresses these 
requirements. 
SUMMARY OF THE INVENTION 
Shortcomings are reduced or eliminated by the techniques 
disclosed here. In one respect, the disclosure involves a 
method for transmitting an exponential waveform. The 
exponential waveform, which can be characterized by the 
equation Vs De'SPSP and can be truncated at a maxi 
mum value and can have an essentially constant shape 
during transmission on a transmission line. 
In another respect, the disclosure involves transmitting a 
waveform including a speedy delivery signal envelope 
modulated with a sinusoidal signal on a media. The wave 
form can be characterize by the equation V(z.s)–B(s)e' 
and having a Substantially constant shape during transmis 
sion on the media. In some embodiments, an exponential 
waveform can include a truncated speedy delivery signal 
envelope modulated with a sinusoidal carrier signal, in 
which the media can be a resistance-capacitance-inductance 
transmission line. In other embodiments, an electromagnetic 
plane waveform can include a truncated speedy delivery 
signal envelope modulated with a sinusoidal electromag 
netic plane wave on a media, such as a dispersive plasma 
media. 
In other respects, the disclosure involves a method for 
determining a temperature of a media. The method includes 
generating an exponential waveform on the media and 
determining the delay of the exponential waveform. The 
delay can be characterized by the equation 
where the temperature is proportional to the length of travel 
of the exponential waveform on the media. 
In another respect, a method is provided for measuring a 
temperature of a media. The method includes generating a 
speedy delivery (SD) signal on a media and determining the 
delay of the SD signal characterized by the equation Asl 
(T) VL(T)C(T). V1+t/(L(T)/R(T)). The method also includes 
determining the temperature of the media which can be 
proportional to the delay. 
In yet another respect, the disclosure involves a method 
for reducing interconnect delays. A signal is generated on an 
interconnect and the delay of the signal can be characterized 
by a line model and the equation Ös VLCV1+t/(L7R). In 
one embodiment, the method includes reducing the delay by 
decreasing t. In another embodiment, the method includes 
inserting a repeater on the interconnect. 
In other respects, the disclosure involves a method includ 
ing steps for generating an exponential waveform having an 
essentially constant shape during transmission on a media at 
a first location. A plurality of exponentials can be encoded 
on a leading edge of the exponential waveform, where the 
encoded exponential waveform is transmitted to a second 
location. The method also includes decoding the encoded 
exponential waveform at the second location. 
The disclosure also involves a method for determining a 
length of an interconnect for a desired delay. A signal can be 
generated and a length of the interconnect can be charac 
terized by the equation 
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where L is the inductance per unit length of the interconnect, 
R resistance per unit length of the interconnect, C is the 
capacitance per unit length of the interconnect, and As is 
the desired delay. 
A thermometer is also presented. The thermometer 
includes a signal generator configured to generate a trun 
cated exponential waveform characterized by the equation 
Vs De'SPP, where D is a magnitude, Vs is a 
Voltage, t is time. As is an attenuation coefficient, Vs, is a 
propagation Velocity, and t is time. The thermometer also 
includes a processor coupled to the signal generator. The 
processor is configured to determine a temperature of the 
media, where the temperature of the media being propor 
tional to the delay of the waveform. 
In another respect, the present disclosure includes a time 
domain reflectometer. The time domain reflectometer 
includes a signal generator configured to generate a trun 
cated exponential waveform on a media. Using the gener 
ated truncated exponential media, the time domain reflec 
tometer is configured to determine the length of the media. 
In another embodiment, the time domain reflectometer is 
configured to detect the locations of possible faults. 
These, and other, embodiments of the invention will be 
better appreciated and understood when considered in con 
junction with the following description and the accompa 
nying drawings. It should be understood, however, that the 
following description, while indicating various embodi 
ments of the invention and numerous specific details thereof, 
is given by way of illustration and not of limitation. Many 
Substitutions, modifications, additions and/or rearrange 
ments may be made within the scope of the invention 
without departing from the spirit thereof, and the invention 
includes all such Substitutions, modifications, additions and/ 
or rearrangements. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The drawings accompanying and forming part of this 
specification are included to depict certain aspects of the 
invention. A clearer conception of the invention, and of the 
components and operation of systems provided with the 
invention, will become more readily apparent by referring to 
the exemplary, and therefore nonlimiting, embodiments 
illustrated in the drawings, wherein like reference numerals 
(if they occur in more than one view) designate the same or 
similar elements. The invention may be better understood by 
reference to one or more of these drawings in combination 
with the description presented herein. It should be noted that 
the features illustrated in the drawings are not necessarily 
drawn to scale. 
FIG. 1A is a graph of an SD waveform for (x=0,t), 
representing an embodiment of the invention. 
FIG. 1B is a graph of an SD waveform in moving frame 
at x'=l (x=1,t), representing an embodiment of the invention. 
FIG. 2 is block diagram of a setup to measure SD 
parameters, representing an embodiment of the invention. 
FIG. 3 is a graph of voltage traces at x=0 and x=1002 ft 













sec indicating time-of-flight measured at 4V threshold, rep 
resenting an embodiment of the invention. 
FIG. 4A is a graph of SD threshold overlap regions for 
voltages at x=0 and at x=d (1002 ft), representing an 
embodiment of the invention. 
FIG. 4B is a graph of measured constant threshold times 
of-flight for 1002 ft T1 line with CL=3.0x101/sec. represent 
ing an embodiment of the invention. 
FIG. 5A is a graph of SD threshold overlap regions for 
voltages at x=0 and /2 voltage across Roo, representing an 
embodiment of the invention. 
FIG. 5B is a graph of measured constant threshold times 
of-flight for 2004 ft T1 line with CL=3.0x101/sec. represent 
ing an embodiment of the invention. 
FIG. 6A is a graph of an input pulse applied to a T1 cable 
to empirically determine a transfer function, representing an 
embodiment of the invention. 
FIG. 6B is a graph of a pulse measured at 1002 ft for a T1 
cable, representing an embodiment of the invention. 
FIG. 7A is a graph of a Power Spectral Density of an input 
pulse applied to a T1 cable, representing an embodiment of 
the invention. 
FIG. 7B is a graph of a Power Spectral Density of a pulse 
measured at 1002 ft for a T1 cable, representing an embodi 
ment of the invention. 
FIG. 8 is a graph of an empirically derived transfer 
function for a 1002 ft T1 cable, representing an embodiment 
of the invention. 
FIG. 9 is a graph of a measured initial waveform with 
simulated 1002 ft waveform for T1 cable and constant 
threshold times-of-flight, representing an embodiment of the 
invention. 
FIG. 10 is a graph of a difference between measured and 
simulated 1002 ft Voltage traces, representing an embodi 
ment of the invention. 
FIG. 11 is a graph of a simulated initial waveform with 
1002 ft waveform for T1 cable, C-1x10 sec', and constant 
threshold times-of-flight, representing an embodiment of the 
invention. 
FIG. 12 is a graph of a simulated initial waveform with 
1002 ft waveform for T1 cable, C-1x10" sec', and constant 
threshold times-of-flight, representing an embodiment of the 
invention. 
FIG. 13A is a graph of SD parameters Vs determined by 
simulation with empirical transfer function, representing an 
embodiment of the invention. 
FIG. 13B is a graph of SD parameters As determined by 
simulation with empirical transfer function, representing an 
embodiment of the invention. 
FIG. 14 is block diagram of a setup to determine Zs(O), 
representing an embodiment of the invention. 
FIG. 15A is a graph of voltage traces measured at d=1002 
ft with varying termination resistances, C-1.5x10'1/sec. 
representing an embodiment of the invention. 
FIG. 15B is a graph of ratios of output signal amplitudes 
with known termination traces and one-half of line output 
signal amplitude for open termination trace, C.-1.5x10 
1/sec, representing an embodiment of the invention. 
FIG. 16 is a graph of experimentally determined SD 
impedances for a T1 cable as a function of C. representing 
an embodiment of the invention. 
FIG. 17 is a graph of SD voltage traces and the natural 
logarithm of SD Voltage traces measured at input, ~6 kft, 
~12 kft and ~18 kft along 24 AWG twisted wire pairs 
connected in series, representing an embodiment of the 
invention. 
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FIG. 18 is a graph used to detect end of SD region 
demonstrating sensitivity to noise and speed of response for 
the filters at 12 kft., representing an embodiment of the 
invention. 
FIG. 19 is a graph of a variation of 1/VLC as a fraction of 
the speed of light in a vacuum with C. representing an 
embodiment of the invention. 
FIG. 20 is a graph of an input waveform attenuated and 
time shifted for 11,573 ft (Top), 12.219 ft (Middle) and 
12,859 ft (Bottom) shown with waveform measured at ~12 
kft, representing an embodiment of the invention. 
FIG. 21 is a graph of a standard deviation of V 
V, in the SD region vs. estimated distance in region 
of correlation, representing an embodiment of the invention. 
FIG.22A is a graph of Vele?-Vee, and minimum 
Variance of V-VA, at estimated distance of 
12.216 ft, representing an embodiment of the invention. 
FIG.22B is a graph of Vee-Vee, and Variance of 
V-VA, at estimated distance of 12.254 ft, rep 
resenting an embodiment of the invention. 
FIG. 23 is a graph of Voltage traces measured a ~6, ~12, 
and -18 kft of 24 AWG BKMA 50 cable and applied 
waveform attenuated and shifted in time according to SD 
prediction, representing an embodiment of the invention. 
FIG. 24 is a graph of Voltage trace measured at input 
showing applied truncated SD pulse and wave reflected from 
open termination at 1002 ft, representing an embodiment of 
the invention. 
FIG. 25 is a graph of voltage trace measured at input 
showing wave reflected from open termination at 1002 ft 
and applied wave attenuated and shifted forward in time for 
best fit resulting in 2004 ft estimated total distance traveled, 
representing an embodiment of the invention. 
FIG. 26A is a graph of SDTDR threshold overlap regions 
for voltages at x=0 for 1002 ft open terminated T1 line, 
representing an embodiment of the invention. 
FIG. 26B is a graph of measured constant threshold TDR 
times-of-flight for 1002 ft T1 line with CL=6.7x10.1/sec 
resulting in total estimated distance traveled by the reflected 
wave of 2010 ft., representing an embodiment of the inven 
tion. 
FIG. 27 is a graph of Voltage trace measured at input 
showing applied truncated SD pulse and wave reflected from 
short circuit termination at 1002 ft., representing an embodi 
ment of the invention. 
FIG. 28 is a graph of a Voltage trace measured at input 
inverted, showing wave reflected from short circuit termi 
nation at 1002 ft inverted and the non-inverted applied input 
wave attenuated and shifted forward in time for best fit 
resulting in 2004 ft estimated total distance traveled, repre 
senting an embodiment of the invention. 
FIG. 29A is a graph of SDTDR threshold overlap regions 
for voltages at x=0 for 1002 ft short circuit terminated T1 
line, representing an embodiment of the invention. 
FIG. 29B is a graph of measured constant threshold TDR 
times-of-flight for 1002 ft T1 line with C=6.7x10 1/sec 
resulting in total estimated distance traveled of 2008 ft., 
representing an embodiment of the invention. 
FIG. 30 is a graph of a voltage pulse applied to 1002 ft T1 
cable (dotted line), and to resistor with value Z, represent 
ing an embodiment of the invention. 
FIG. 31 is another graph of the voltage pulse applied to 
1002 ft T1 cable (dotted line), and to resistor with value Z. 














FIG. 32 is a graph of a transfer function between the 
difference of waveform applied to the twisted wire pair and 
the waveform applied to Z, representing an embodiment of 
the invention. 
FIG. 33 is a graph of simulated applied SD waveform 
with CL=6.7x10° 1/sec, and reflected waveform calculated 
with transfer function, representing an embodiment of the 
invention. 
FIG. 34 is a graph of simulated Voltage traces showing 
wave reflected from open termination at 1002 ft and applied 
wave attenuated and shifted forward in time for best fit 
resulting in 2004 ft estimated total distance traveled, repre 
senting an embodiment of the invention. 
FIG. 35A is a graph of simulated SD TDR threshold 
overlap regions for voltages at x=0 for 1002 ft open termi 
nated T1 line, representing an embodiment of the invention. 
FIG. 35B is a graph of simulated constant threshold TDR 
times-of-flight for 1002 ft T1 line with C=6.7x10 1/sec 
resulting in total estimated distance traveled of 2005 ft, 
representing an embodiment of the invention. 
FIG. 36A is a graph of an uncompensated SD waveform 
applied to a 2004 ft twisted wire pair transmission line, 
representing an embodiment of the invention. 
FIG. 36B is a graph of an uncompensated SD waveform 
measured 100 Ohm termination on a 2004-ft twisted wire 
pair transmission line, representing an embodiment of the 
invention. 
FIG. 37A is a graph of a compensated SD waveform 
applied to a 2004 ft twisted wire pair transmission line, 
representing an embodiment of the invention. 
FIG. 37B is a graph of a compensated SD waveform 
measured 100 Ohm termination on a 2004-ft twisted wire 
pair transmission line, representing an embodiment of the 
invention. 
FIG. 38 is a graph of a series of four symbols measured 
at input to a 2004 ft twisted wire pair transmission line, 
representing an embodiment of the invention. 
FIG. 39 is a graph of a series of four symbols measured 
at 100 Ohm termination at 2004-ft on twisted wire pair 
transmission line, representing an embodiment of the inven 
tion. 
FIG. 40 is a natural logarithmic graph of Voltages mea 
sured at 100 ohm termination at 2004-ft for each symbol 
period showing a least mean square fit of linear region, 
representing an embodiment of the invention. 
FIG. 41 is a graph of X-e'''''''', representing an 
embodiment of the invention. 
FIG. 42 is a graph of an orthonormal vector set Y=Y, 
Y, Y, Y, Ys, representing an embodiment of the inven 
tion. 
FIG. 43 is a graph of non-orthogonal waveforms 
7 so t), 
representing an embodiment of the invention. 
FIG. 44 is a graph of dispersed waveforms Y at the 
receiver at 8000 ft, representing an embodiment of the 
invention. 
FIG. 45 is a graph of a compensating Pulse C, at Input and 
at 8000 ft, representing an embodiment of the invention. 
FIG. 46 is a graph of component functions at input with 
compensating pulses, ZY'+bC, representing an embodi 
ment of the invention. 
US 7,375,602 B2 
7 
FIG. 47 is a graph of component functions Z at 8 kft, 
representing an embodiment of the invention. 
FIG. 48 is a graph of linear independent waveforms, S. 
transmitted to generate orthogonal waveforms at 8 kft, 
representing an embodiment of the invention. 5 
FIG. 49 is a graph of orthogonal waveforms, S, received 
at 8 kft, representing an embodiment of the invention. 
FIG. 50 is a flow diagram of an orthonormal set, S. 
generation algorithm, representing an embodiment of the 
invention. 10 
FIG. 51 is a graph of three successive transmitted sym 
bols, Q, with five bits encoded on each of four orthonormal 
pulses of S, representing an embodiment of the invention. 
FIG. 52 is a graph of three successive symbols, Q, at the 
input to the receiver at 8 kft with five bits encoded on each 
of four orthonormal pulses of S, representing an embodi 
ment of the invention. 
FIG. 53 is a graph of histogram of signal error, al 
a for one second, or 1.67x10 bits, of data transmitted 
with -140 dBm AWGN present, representing an embodi 
ment of the invention. 
FIG. 54 is a block diagram of an apparatus, representing 
an embodiment of the invention. 
FIG. 55 is a graph of signal delay measurements of a 
media at different temperatures, representing an embodi 
ment of the invention. 
FIG. 56 is a graph of average temperatures versus average 
signal delays, representing an embodiment of the invention. 
FIG. 57 is a graph of line delays versus a signal waveform 30 
parameter, representing an embodiment of the invention. 
FIG. 58 is a graph of a signal attenuation as a function of 
line length, representing an embodiment of the invention. 
FIG. 59 is a graphical user interface showing two param 
eters encoded into a leading edge of a signal, representing an 35 
embodiment of the invention. 
FIG. 60 are graphs of an encoded signal of FIG. 59 and 
a reflected signal of the encoded signal, representing an 
embodiment of the invention. 
FIG. 61 are natural log graphs of an exponential portion 40 
of a lower portion of the leading edge on the encoded signal 
of FIG. 60, representing an embodiment of the invention. 
FIG. 62 are graphs of the output of ratio of filters used on 
the encoded signal of FIG. 60, representing an embodiment 
of the invention. 
FIG. 63A are graphs of an encoded signal of FIG. 59 and 
a reflected signal of the encoded signal, representing an 
embodiment of the invention. 
FIG. 63B are natural log graphs of an exponential portion 
of an upper portion of the leading edge on the encoded signal 
of FIG. 63A, representing an embodiment of the invention. 
FIG. 63C are graphs of the output of ratio of filters used 
on the encoded signal of FIG. 63A, representing an embodi 
ment of the invention. 
FIG. 64 is a graphical user interface showing two param 
eters encoded into a leading edge of a signal, representing an 
embodiment of the invention. 
FIG. 65 are graphs of an encoded signal of FIG. 64 and 
a reflected signal of the encoded signal, representing an 60 
embodiment of the invention. 
FIG. 66 are natural log graphs of an exponential portion 
of a lower portion of the leading edge on the encoded signal 
of FIG. 65, representing an embodiment of the invention. 
FIG. 67 are graphs of the output of ratio of filters used on 65 
the encoded signal of FIG. 65, representing an embodiment 







FIG. 68A are graphs of an encoded signal of FIG. 64 and 
a reflected signal of the encoded signal, representing an 
embodiment of the invention. 
FIG. 68B are natural log graphs of an exponential portion 
of an upper portion of the leading edge on the encoded signal 
of FIG. 63A, representing an embodiment of the invention. 
FIG. 68C are graphs of the output of ratio of filters used 
on the encoded signal of FIG. 63A, representing an embodi 
ment of the invention. 
FIG. 69 is an applied signal and a reflected signal without 
bias, representing an embodiment of the invention. 
FIG. 70 includes graphs of the natural log of the signals 
in FIG. 69, representing an embodiment of the invention. 
FIGS. 71A and 71B are graphs of a signal with a positive 
bias, representing an embodiment of the invention. 
FIGS. 72A and 72B are graphs of a signal with a negative 
bias, representing an embodiment of the invention. 
FIG. 73 is a graph of bias compensations for a plurality of 
signals, representing an embodiment of the invention. 
FIGS. 74A and 74B are graphs of plurality of time of 
flight measurements and bias values for those measure 
ments, representing an embodiment of the invention. 
FIG. 75 is a graph of measured constant threshold time 
domain reflectometer time of flight measurements, repre 
senting an embodiment of the invention. 
FIG. 76 is a histogram of measured constant threshold 
time domain reflectometer time of flight measurements, 
representing an embodiment of the invention. 
DETAILED DESCRIPTION 
The invention and the various features and advantageous 
details thereofare explained more fully with reference to the 
nonlimiting embodiments that are illustrated in the accom 
panying drawings and detailed in the following description. 
Descriptions of well known starting materials, processing 
techniques, components and equipment are omitted so as not 
to unnecessarily obscure the invention in detail. It should be 
understood, however, that the detailed description and the 
specific examples, while indicating specific embodiments of 
the invention, are given by way of illustration only and not 
by way of limitation. Various Substitutions, modifications, 
additions and/or rearrangements within the spirit and/or 
Scope of the underlying inventive concept will become 
apparent to those skilled in the art from this disclosure. 
Within this application several publications are referenced 
by Arabic numerals within parentheses or brackets. Full 
citations for these, and other, publications may be found at 
the end of the specification immediately preceding the 
claims after the section heading References. The disclosures 
of all these publications in their entireties are hereby 
expressly incorporated by reference herein for the purpose 
of indicating the background of the invention and illustrating 
the state of the art. 
In general, the context of the invention can include signal 
transmission. The context of the invention can include a 
method and/or apparatus for measuring and estimating trans 
mission line parameters. The context of the invention can 
also include a method and/or apparatus for performing 
high-speed communication over a lossy, dispersive trans 
mission line. 
A practical application of the invention that has value 
within the technological arts is in time domain reflectometry. 
Further, the invention is useful in conjunction with lossy 
transmission lines. The invention is also useful in conjunc 
tion with frequency dependent transmission lines. Another 
practical application of the invention that has value within 
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the technological arts is high-speed communications. There 
are virtually innumerable other uses for the invention. In 
fact, any application involving the transmission of a signal 
may benefit. 
A method for transmitting a waveform having a control 
lable attenuation and propagation velocity, representing an 
embodiment of the invention, can be cost effective and 
advantageous. The invention improves quality and/or 
reduces costs compared to previous approaches. 
The invention includes a method and/or apparatus for 
utilizing a truncated waveform, coined a Speedy Delivery 
(SD) waveform by the inventors. An analysis of SD propa 
gation in coupled lossy transmission lines is presented and 
practical considerations associated with truncating the SD 
waveforms are addressed. Parameters used to describe the 
propagation of the SD waveform are defined and techniques 
for determining their values are presented. These parameters 
include the Speedy Delivery propagation velocity, Vs, the 
Speedy Delivery attenuation coefficient. As and the 
Speedy Delivery impedance, Zs. These parameters may 
depend on properties of a transmission media as well as an 
exponential coefficient C. (SD input signal parameter). 
The invention describes SD signal propagation in coupled 
transmission lines. An embodiment involving two transmis 
sion lines is illustrated. More complex configurations that 
include a larger number of coupled lines may be readily 
developed by one of ordinary skill in the art in light of this 
disclosure. Additionally, the behavior of the propagation of 
a slowly varying envelope of an optical pulse containing a 
truncated SD signal in a single mode communication fiber is 
described. 
The invention teaches a method for using SD test pulses 
to obtain empirical estimates of the SD signal propagation 
parameters. As and Vs in lossy transmission lines, includ 
ing those with frequency dependent parameters. Once the 
value of Vs is determined for a calibration cable length, 
constant threshold time of flight measurements can be used 
to measure distances to discontinuities in similar cables. The 
calibration procedure can be repeated experimentally for 
each exponential coefficient C. 
The invention provides a method for utilizing a wideband, 
non-SD waveform in order to develop an empirical transfer 
function for a calibration length of a given transmission 
media. This transfer function may be used to simulate the 
transmission of SD waveforms with a wide range of values 
for the exponential coefficient C. The SD parameters As(O) 
and vs. (C) can be determined from these simulated wave 
forms. The inclusion of a simulation step in the calibration 
process can significantly reduce the experimental measure 
ments needed to determine the values of As(O) and vs. (C) 
for a variety of values for C. The SD behavior of a media can 
then be determined by simulation, without the need for an 
SD waveform generator. 
The invention teaches a method for determining the SD 
impedance of a transmission line. It also illustrates the 
predicable variation of Zs, as a function of C. This predict 
ability can allow a designer to control the transmission line 
SD impedance by appropriately selecting the parameter C. 
The invention also describes an alternate precision dis 
tance measurement method using truncated SD test pulses 
with high loss, long lines. As the test pulses travel down 
these lines, the attenuation can be so extensive that their 
amplitudes are too small for common threshold crossing 
time of flight measurements to be feasible. The invention 
includes a method for predicting an attenuation and over 
coming this difficulty, extracting accurate length measure 













The invention demonstrates the utility of the SD test 
waveform in accurately determining distances to impedance 
discontinuities. Examples show how to use SD wave propa 
gation as the basis for an accurate time domain reflectometry 
(TDR) unit. This unit may include an SD waveform gen 
erator, a means of coupling with the transmission media, a 
means of measuring the applied and reflected waveforms, a 
display, memory storage, and computational ability to ana 
lyze and interpret the SD waveforms. The invention can also 
include a computer. The invention can include a method 
which can be applied to modify currently available TDR 
units to increase their accuracy. This modification may be a 
TDR software modification resulting in a nonrecurring unit 
manufacturing cost. A standard TDR waveform may be used 
to determine an empirical transfer function for the line under 
test, and this transfer function may then be used to simulate 
the propagation of the SD waveform. This process allows all 
the advantages of SD to be incorporated into currently 
available units with only a modification of existing compu 
tational algorithms, creating a virtual SDTDR unit. 
The truncated SD test pulse approach can also be applied 
to the propagation of acoustic waves in Sonar and geophysi 
cal applications. Reflected acoustic signals can be used to 
accurately determine the location of underwater objects and 
to determine locations of geophysical strata boundaries. 
Empirical transfer functions can be determined and used to 
simulate SD pulse propagation eliminating the need to 
physically generate complex acoustic pulses. 
The invention provides an SD waveform that has several 
propagation properties in lossy, frequency dependent trans 
mission media, which make it suitable for enhancing a data 
transmission scheme. 
The invention provides a method to increase the number 
of bits transmitted per pulse by varying the value of C. to 
encode data on truncated SD waveforms. The example 
provided utilizes SD pulses with four different C.’s sequen 
tially transmitted on a 2 kft cable. These SD pulses are 
received at the end of the cable with the exponential con 
stants undistorted. The four pulses may be transmitted as 
positive or negative signals resulting in eight possible states. 
Therefore, each pulse represents three bits of transmitted 
information in each symbol period. This strategy can be used 
with short, low loss transmission lines. 
The invention also teaches the use of SD propagation 
properties to generate a set of pulses consisting of linear 
combinations of truncated SD waveforms that are orthogo 
nal at the receiver. Data can be encoded on these pulses by 
varying their amplitude, and these amplitude-modulated 
pulses may be transmitted simultaneously on a transmission 
line. The individual pulse amplitudes are computed at the 
receiver taking advantage of their orthogonality. This 
method provides improved noise immunity, and can be used 
with longer, higher loss transmission lines. 
The invention also teaches the use of SD waveforms in 
digital circuits, specifically, on-chip clock circuits. It pro 
vides a method for utilizing truncated SD clock waveforms 
to reduce clock skew. 
The propagation of a Speedy Delivery (SD) waveform in 
a transmission line can be described by the equation V(x,t) 
=De'SPSP. The associated boundary condition at the 
input to the line is V(x=0, t)=De', wherein As is the 
exponential coefficient describing the attenuation of the SD 
signal as a function of distance along the line at a fixed time 
instant, and Vs is the SD signal propagation velocity. These 
quantities are also related by the simple equation, As(O) 
vs. (C)=C. The parameters As, and Vs of the propagating 
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wave and the line boundary condition are all functions of C. 
and may be determined experimentally for a transmission 
line. 
For the case of two balanced twisted wire pair transmis 
sion lines, the differential voltage can be equally divided 
between the two wires and the current on each wire in the 
pair is equal in magnitude but opposite in direction. In this 
case, the telegrapher's equations can be written: 
This analysis includes the net cross capacitance, C. and the 
net cross inductances, M. The cross resistance and conduc 
tance terms are neglected. These equations are then Laplace 
transformed into the complex frequency domain. 
Taking the partial derivative of the top equation with respect 
to X, and Substituting the bottom equation for the 
E. 0x I, (x, s) 
















(R(s) + SL(s))(G(s) + sG(s)) s’ MI2(s)Cl(s) 
This system of equations has the solution: 
V(xs)=es)...A+ets): B 
Applying the boundary conditions for a semi-infinite pair 
of transmission lines, 
Because T is a complex symmetric matrix, it can be 
written T-(ZY)'=PYP', where P is the eigenvector matrix 
of the ZY product and Y is the diagonal eigenvalue matrix of 
T. Therefore, we can write e=P(S)-e'-P(s)'. This 
gives the result: 
For the case where the applied boundary conditions at x=0 
are SD waveforms, V(x=0,t)=De'', V(x=0,t)=De', the 
SD solution is: 
D. el' 
O 
V(x, t) = P(a). e-1). P(a). -- 
O 
-y(a ). P(a). e-2). P. slas 
where P(O) is a real matrix. 
E. P2(a) | | .01 P21(a) P22(a) O 
P1 (a 2) 
P2 (c.2) P22(a2) 
P2 (c.2) | O 
P22 (a2) D. e2 
P1 (a 2) 
P2 (c.2) 
If we designate P' as Q, we can write: 
P(a) E. r O 
Q11 (C1) Q12 (Q1) | ... 1 -- 
Q21 (C1) Q22 (C.1) O 
E. E. r O 
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-continued 
Q11 (C2) Q12 (O2) O 
Q21 (O2) Q22(O2) D. e2 
Or, 
Q1(a). e-11) 
V(x, t) = P(a). . D. el' + 
Q1(a). e-21) 
Q12(a). e12 




The real constants associated with the eigenvector matrix, 
P, its inverse, P-Q, and the SD parameters D can be 
written: 
A 11-DP1(C.1)911 (C.1) 




B12-DP-2 (C.1)921 (C.1) 
B21-D-P1(C2)92 (Cl-) 
The signals on transmission lines will be: 
Be SD12 ('SD12") Be SD32 (SD22') 
Where: 













d O2 d O2 
VSD = - , VSD = - , VSD = - , and VSD = Il y (a) 12 y(O2) 2 y2(a) 22 y2(a) 
Thus, there are SD attenuations and velocities associated 
with each eigenvalue, Y, of the product ZY evaluated at each 
O. 
Because positive exponential waveforms continually 
increase, practical considerations may create the need to 
truncate or limit the waveform at some level determined by 
the specific application. Truncation may be accomplished by 
several methods, as is known in the art. 
The result of this truncation of the input of a transmission 
media is that the propagating exponential (SD) signal is also 
limited in magnitude as it travels in the media, and in lossy 
media, this maximum amplitude decreases with distance 
traveled exhibiting an attenuating behavior. 
The propagating (SD) signal is described in the coordinate 
frame, (x,t), by V(x,t)-De-SD(c)(-'SD(c))=De'e-SD(c)*, 
where As(C)Vs (C)=C. 
Referring to FIG. 1A, a graph of an SD waveform for 
(x=0,t) is depicted. The truncated input waveform at x=0 
reaching a limit at tt, is shown. 
In the case of a four parameter (LCRG) transmission line, 
we have the expressions 
Asp(a) = V LCa2+ (RC+LG)a + RG, and 
C 
VLCa2+ (RC + LG) + RG VSD (a) = 
The attenuation of the traveling SD wave may be viewed 
from the perspective of a moving reference frame traveling 
at the speed 1/VLC. 
Introducing the new coordinates: 
O 
Poey-Deorie-ASD(c) (1-SD(c) TC-x". 
If we view the traveling wave after traveling a distance, 
XX=l, in the transmission media, then 
Setting t'=t, yields the maximum value of the truncated 
SD waveform at x=1, and for any value Ostst, the value of 
the signal at the associated point t, in the moving reference 
frame at x=1 is: 
V(l -Decrie-ASD(c)(1-vSD(c) TC) * 
Referring to FIG. 1B, a graph of an SD waveform in 
moving frame at x'=l (x=1,t) is depicted. The attenuation of 
this truncated waveform is defined by the ratio: 
Dee-tie-Asp(a)-1-vsp(a) VLCl 
Oxt; Ded 
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This attenuation of the signal at a point t, of a truncated SD 
waveform traveling in a transmission line with frequency 
dependent parameters whose Laplace transforms are L(s), 
C(s), R(s), and G(s), is: 
V(l, ti) -Asp(a)-L-yspa vica) t 
V(0, 1) where: 
Asp(a) = WLC(a) a2+ (RC(a) + LG(a)), a +RG(a), and 
C 
Furthermore, in this transmission media with frequency 
dependent parameters, if the input exponential pulse is 
rapidly closed when the exponential amplitude truncation 
limit is reached, then the end of the exponential region of the 
leading edge of the transmitted pulse is further reduced in 
amplitude and rounded by the chromatic dispersion. 
Coupled transmission lines can be treated in a similar 
fashion. The equations governing SD propagation on one of 
two coupled transmission lines is: 
Applying the substitution: t'=t-XVLC, XX, gives the 
result: 
A. eli Asp (l-splivre | -- 
-- 
V(x = 0, t = ti) A. elli + A2. elli + A 12. e2i + A22. e2i 
A12. e2i Asp(-splvic | -- 
A22. e2i. e ASD ('SD: Vicy 
A. elli + A2. elli + A 12. e2i + A22. e2i 
Which can be written: 
(an e spii ('spi VLC } A. eSP21 (-vsp. vic ') 
V(l, ti) -- 
V(0t) (A11 + A21) + (A12 + A22). e21'i 
(A. .e. 'SD12 (-'SD VLC | +A22. e SD ('SD: VLC ') 
(A11 + A21). el 2 i + (A12 + A22) 
Another example includes of the evolution of a slowly 
varying envelope, E(X,t), of an optical pulse in a single mode 
communication fiber. The Schrödinger partial differential 
equation 3. 
a E is 6° E 1 6 E y 













describes the evolution of the shape of the propagating pulse 
envelope undergoing chromatic dispersion in fiber. Chro 
matic dispersion occurs because the mode-propagation con 
stant, B(c)), is a nonlinear function of the angular frequency 
(D), where 
and () is the frequency of the light being modulated in the 
fiber. 
co/f, is the phase Velocity of the pulse. 1/3 is the group 
Velocity, B is the group Velocity dispersion (GVD) param 
eter which causes the pulse to broaden as it propagates in the 
fiber. B is the third-order dispersion (TOD) parameter 4 
The higher order derivatives of B with respect to () are 
assumed negligible. However, they may be added in these 
analyses by anyone familiar with the art. The fiber attenu 
ation is represented by the parameter Y. 
The SD solution of the linear Schrödinger equation with 
loss (yz0) is: 
E(x, t) = if it: )-(3) 
The boundary condition at the input to the fiber at x=0 is 
E0, t) = Def, 
(see FIG. 1A with 
The receiver detector in a fiber optic communication net 
work responds to the square of the magnitude E(x,t) of the 
propagating pulse envelope. In this case 
where the velocity of propagation of a truncated SD 
leading edge of the envelope is 
, and A (T,) =(i. -- - - 
1 
'a' - A T. (6 - E + '') 
1 
Note that vs. (T). A(T) = T. 
9 
Transforming to a moving reference frame traveling at the 
group Velocity 1/3, 
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The SD propagation speed in this moving reference frame 
is 
1 
Vsd(To)lin 'a' frame = y 6, 
T(-f) 9 
The attenuation of the truncated SD portion of the leading 
edge of the pulse envelope is 
This result implies that if T can be made small enough, 
this attenuation may be reduced. Higher order terms of f(c)), 
which were not included is this particular analysis, may 
become more significant as T. become smaller. 
EXAMPLES 
Specific embodiments of the invention will now be further 
described by the following, nonlimiting examples which 
will serve to illustrate in some detail various features. The 
following examples are included to facilitate an understand 
ing of ways in which the invention may be practiced. It 
should be appreciated that the examples which follow rep 
resent embodiments discovered to function well in the 
practice of the invention, and thus can be considered to 
constitute preferred modes for the practice of the invention. 
However, it should be appreciated that many changes can be 
made in the exemplary embodiments which are disclosed 
while still obtaining like or similar result without departing 
from the spirit and scope of the invention. Accordingly, the 
examples should not be construed as limiting the scope of 
the invention. 
Example 1 
Method for Determining SD Waveform Parameters, 
A and Vsp 
This example teaches how SD test pulses may be used to 
obtain empirical estimates of the transmission line param 
eters. As and vs. that describe the propagation of SD 
waveforms in lossy, dispersive lines, including those with 
frequency dependent parameters. The numerical values of 
A and vs. as a function of C. can be determined empirically. 
Referring to FIG. 2, an experimental set up that may be 
used to determine these parameters for a copper, twisted 
wire pair transmission line is depicted. The test length of the 
transmission line, d, and the value of a for the applied SD 
input signal are measured. An additional length of transmis 
sion line that is identical to the line under test is attached as 
shown and terminated with an open circuit. In this example 
the cables are two 24 AWG, individually shielded, twisted 
wire pairs in a 1002 ft coil of T1 cable. 
The values of D. C. and the duration of the SD signal were 
chosen to prevent the occurrence of reflections at the mea 
surement point, d, during the initial time of flight of the SD 
signal propagating in the test line. The additional length of 
transmission line also ensures that all reflections occurring 
in the test line are delayed until well after the propagating 













The SD signal time of flight can be directly measured by 
timing the propagating SD waveform crossing of constant 
voltage thresholds (FIG. 3). The value of the SD signal 
propagation velocity in the line, Vs, can be calculated using 
the relationship, TOF=(t-t)-va. The times of flight for 
these waveforms shown again in FIG. 4A at thresholds from 
1.2 volts to 4.8 volts are plotted in FIG. 4B. The average 
TOF for the threshold overlap region shown in FIG. 4.3b is 
1,716 ns. This TOF results in 
d 1002 ft ft c = - Y - = 5.839 x 10' -- SP TOF, 1716 - 10-9 ses. sec 
The SD attenuation coefficient. As can be calculated 
from C. and V, using the relationship As vs. C. The 
calculated As obtained from the waveforms shown in FIG. 
4.3a is 
CY 3.0 x 10° 1/sec 
A cn = - = -vs. 5.839 10s fusee =5.138x10 1/ft. 
Once this velocity is known for a calibrated length of the 
cable, this type of threshold crossing TOF measurement can 
be used to determine the unknown length of another sample 
of the same transmission line. 
Referring to FIG. 5A, the measured input voltage of the 
two twisted wire pairs in a T1 line connected in series is 
depicted (see FIG. 2) and one-half of the Voltage measured 
at the end of the open terminated second twisted wire pair in 
the T1 line (R-OO in FIG. 2). The average TOF for the 
threshold overlap region shown in FIG. 5B is 3,418 ns. This 
time of flight together with the previously calibrated Vs. 
results in an estimated distance of 1,996 ft, or 99.6% of the 
actual length (2004 ft). 
FIG.5A also indicates a potential difficulty in longer lines 
caused by the attenuation of the truncated SD pulse. The 
region of SD threshold overlap grows smaller as the pulse 
propagates, and is attenuated over longer distances. The 
accuracy of this measurement can be improved, and the 
difficulty caused by the reduced region of threshold overlap 
can be overcome for very long transmission lines using the 
TOF measurement technique discussed in example 4. 
The high accuracy of this method results from the use of 
an average of TOF measurements taken over a range of 
signal threshold amplitudes. It is feasible to use the average 
of these values to improve the accuracy of the measurement 
of TOF since all points on the leading SD edge of the 
waveform travel at the same speed. This is in contrast with 
the current time domain reflectometry art in which a mea 
surement of the time of emergence of the dispersing test 
pulse is attempted. This is equivalent to attempting to 
accurately measure the threshold crossing time of the pulse 
at a zero threshold level when the slope of the pulse is also 
nearly Zero. 
Example 2 
Extracting SD Parameters from Empirical Transfer 
Function 
The method described in example 1 can be limiting in that 
it should be experimentally repeated for each exponential 
coefficient C. This may require a lengthy laboratory calibra 
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tion time for each cable type. Simulation can be included in 
the calibration process to significantly reduce the experi 
mental measurements needed to determine the values of As 
and Vs. The use of simulation in this process requires a 
transfer function that describes the response of the specific 
type of cable. The C.'s analyzed for the T1 cable range from 
1x10 sec' to 1x10 sec'. This range of C.'s corresponds to 
the frequency band of 16 kHz to 1.6 MHz, so the transfer 
function must be accurate for this range. The transfer 
function of the cable may available from the manufacturer or 
can be determined empirically by applying a known pulse 
and measuring the applied cable input waveform and the 
response waveform at a known (calibration) distance along 
the cable. The transfer function is then calculated from the 
ratio of the fast Fourier transforms (FFT) of the input-output 
pulses: 
H., ( ico) = est (ico) FFT(VApplied) 
Once the transfer function is determined, the propagation of 
SD waveforms with a series of different values for a can be 
simulated and the times of flight and SD parameters. As 
and Vs, determined. 
This method can be demonstrated for the T1 cable used in 
example 1. The end of the total 2004 length has been 
terminated with a 100-Ohm resistor (R, in FIG. 4.1) to 
minimize reflections at the 1002 ft measurement point. FIG. 
6A shows a measured input pulse applied to the T1. FIG. 6B 
shows the output pulse measured at 1002 ft. FIGS. 7A-B 
show the Power Spectral Density of the measured pulses. 
The range of C.’s is indicated to show that there is sufficient 
energy in the frequency band of interest to empirically 
estimate an accurate transfer function. The magnitude and 
the phase of the transfer function determined from the 
measured signals are shown in FIG. 8. 
Once the transfer function is known, a waveform with any 
aX in the indicated range of interest can be simulated and the 
Value of As, and Vs determined. The values of As, and Vs. 
of the measured SD waveforms of section three provide a 
test of the transfer function for an O. of 3x10 sec'. FIG. 9 
shows the time of flight plots determined using the input 
signal measured in section two, and the 1002 ft waveform 
predicted by simulation using the empirical transfer func 
tion. The simulation TOF result (FIG. 9) of 1,714 nsec is 
almost identical to the experimentally measured (FIG. 5B) 
TOF of 1,716 nsec. FIG. 10 shows the difference between 
the measured waveform at 1002 ft and the simulated wave 
form at 1002 ft (FIG. 9, Top). During the SD propagation 
region the difference is on the order of +20 mV. 
This process is performed for the range of C.'s by simu 
lating the initial SD waveforms and using the transfer 
function to predict the waveforms at 1002 ft. In all cases, the 
simulated initial waveforms were closed with a 1 usec ramp 
to reduce their high frequency components. FIGS. 11-12 
show the simulated input and 1002 ft curves for the endpoint 
C.'s of 1x10 sec' and 1x107 sec" along with their respec 
tive constant threshold times of flight curves. The values of 
Vs, and As from simulation are presented in FIGS. 13A-B. 
illustrated in Table I for the range of C.’s, as set forth below 
(* values in parenthesis obtained using methods of example 















vs and As Determined By Simulation with Empirical 
Transfer Function 
Alpha 1002 Simulation TOF Simulation vs. Simulation As 
(sec) (LSec) (x10 ft/sec) (x10 1/ft) 
1 x 10 4.487 2.233 O448 
2 x 10 3.068 3.266 O612 
3 x 10 2.608 3.842 O.781 
4 x 10 2.382 4.2O7 O.951 
5 x 10 2.271 4.412 1.133 
6 x 10 2.172 4.613 1301 
7 x 10 2.103 4.765 1469 
8 x 10 2.040 4.912 1629 
9 x 10 1999 S.O13 1796 
1 x 10 1973 5.079 1969 
2 x 10 1792 5.592 3.577 
3 x 106 1.714 (1.716*) 5.849 (5.839*) 5.129 (5.138*) 
4 x 10 1666 6.014 6.651 
5 x 10 1634 6.132 8.154 
6 x 10 1610 6.224 9.641 
7 x 106 1.592 6.294 11122 
8 x 10 1577 6.354 12.591 
9 x 10 1S6S 6.403 14.057 
1 x 107 1555 6.444 15.519 
Example 3 
Measurement of SD Transmission Line Impedance 
The SD line impedance, Zs(C), is a real number which 
may be determined for the C.'s of interest. If the Laplace 
transform of the frequency dependent transmission line 
parameters R(s), L(s), C(s), and G(s), are known, then 
Zs(O) may be computed from, 
aL(a) + R(a) 
ZSD -----. 
a C(a) + G(a) 
The SD line impedance, Zs(O), may also be experimen 
tally determined for a test transmission line by measuring 
the SD portion of the voltage waveform across various 
known termination impedances and computing the value 
Zs(O) from the measurements. The measured SD wave 
form at a termination, Vs.(R), consists of the Sum of the 
incident SD waveform, Vs, and a reflected SD wave. The 
reflected wave is the product of the SD reflection coefficient, 
T, and the incident wave. The measured SD signal at the 
termination will be 
. R, -- 
Note that all lumped and distributed impedance values are 
real for SD signals. 
The experimental setup used to determine Zs, from line 
measurements is shown in FIG. 14. The measured input and 
termination waveforms of the voltages for a 1002 ft of T1 
line, are shown in FIG. 15A. These measurements were 
made with an O. of 1.5x10° 1/sec and termination resistances 
of 49.5 ohms, 98.6 ohms and an open circuit. The magnitude 
of the waveform with no reflection, (the incident waveform 
Vs), is determined by dividing the signal measured with 
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an open termination, (+ROO, T=1), in half. The ratio of the 
waveforms V(R)/Vs, with known terminations and the 
incident waveform gives a direct measurement of the reflec 
tion coefficient, T., for each termination resistance, 
Wsp(R) T = 1. 
' V, 
FIG. 15B shows the measured ratios for this cable and C. 
Using the relationship for the transmission coefficient, 
R, 
1 + T 1 + T = , gives ZsD = (1 - T). 
Using the two finite values for R. 98.6 S2 and 49.5 S2, 
yields two estimates for Zsd: 
Z (a = 1.5x10 1 }= 98.6 (1 - (0.919-1)) SD (2 F 1. sec) 1 + (0.919-1) 
= 116), 
O 
Z (a = 1.5x10 1 )= 49.5 (1 - (0.598 - 1)) SD (2 F 1. sec) 1 + (0.598 - 1) 
= 116), for this T1 cable. 
This process was repeated for C.'s from 5x10 sec' to 
10x10 sec- and the results are shown in FIG. 16. 
Example 4 
Precision Measurement of Long Transmission Line 
Length or Distance to an Impedance Change using 
a Reflected Wave 
This example describes an alternate precision TOF mea 
surement method of SD test pulses for higher loss, longer 
lines whose attenuation of the test pulses is so extensive that 
their amplitudes become too small as they travel down the 
line for a common threshold crossing measurement to be 
feasible. 
The time of flight measured at a constant Voltage thresh 
old becomes more difficult to estimate as the waveform is 
attenuated. This can be seen by examining the Voltage traces 
along an approximately 6-kft, 24 AWG, fifty twisted wire 
pair, telephone cable (See FIG. 17). Three pairs of the fifty 
have been connected in series to generate an approximately 
18-kft cable with three equal length sections. The applied 
SD input waveform is De', with D of 0.19 volts and an O. 
of 3.5x10 1/sec. This C. is approximately one tenth of the C. 
used for the 2-kft T1 cable. The smaller C. is required here 
to reduce the attenuation of the truncated SD leading edge of 
the propagating pulse over these longer distances as dis 
cussed in section two. This allows signal detection over 
longer distances. The value of As and Vs for this cable and 
C. were determined using the procedure of example 1. These 
measured values are based on assuming a 6000 ft calibration 
length for each twisted pair length inside the telephone 
cable. The results are vs. 4.348x10 ft/sec and ASP-8.279x 
10 * 1/ft. 
Even though the signal was detectable at much greater 













could not be measured. FIG. 17 shows the voltage traces 
measured at the input, -6 kft, ~12 kft, and ~18 kft distances, 
and it also shows the preservation of shape of the SD region 
of the highly attenuated propagating waveform. The -18 kft 
trace is corrected for the reflection from the open termina 
tion by dividing the measured waveform in half. The last two 
traces show that even with this smaller C, beyond 12,000 ft 
there is little or no SD signal above 0.19 volts. This is the 
value of the input SD waveform parameter D, thus there is 
little or no SD voltage threshold common to the input SD 
waveform and the SD waveforms at these longer distances. 
The first step in precisely measuring highly attenuated SD 
pulse time of flight is to detect the SD region of the 
propagating pulse, V(t), measured and recorded at the dis 
tance 1 along the cable. This is done by computing the ratio 
of the measured pulse waveform. In the SD region of the 
pulse, this ratio is C. The end of the SD region is then found 
by detecting the time that this ratio diverges from C. The 
ratio 
can also be used to detect the end of the SD region. In the 
SD region, this ratio is also C. The later ratio of the second 
and first derivative responds more quickly, but is also more 
susceptible to noise than the ratio of the first derivative and 
the signal. These ratios as a function of time are plotted in 
FIG. 18 for the SD waveform measured at 12-kft. In general, 
the ratio of 
for any positive n will have this property. Additionally, the 
ratio of the signal and its integral can be used to locate the 
SD region. In the SD region, we have the relationship: 
De Deat 1 
(data. 1, "1 -e of O -(De - D) 
Thus, the ratio will converge on C. as time progresses. This 
ratio diverges at the end of the SD region. In a lossy 
transmission medium with constant transmission line 
parameters, the end of the estimated SD region can provide 
a good marker to determine the speed of light in the medium. 
The truncated SD leading edge of the pulse does not 
disperse, even with frequency dependent parameters. The 
high frequency components of the closing pulse, however, 
do undergo dispersion. These fast, high frequency compo 
nents tend to erode the end of the truncated SD region as the 
pulse propagates. At long distances, these high frequency 
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components are also more highly attenuated so the amount 
of SD region erosion is not proportional to the distance 
traveled. In this case, the detected end of the SD region 
serves as an initial estimate of the pulse time of flight or the 
distance the wave has traveled and serves to define the 
region examined for more precise time of flight measure 
ments in the next step. 
The attenuation of the truncated SD signal propagating a 
distanced was shown to be e'''''. In the application 
of time domain reflectometry (TDR) to these lines, the 
parameter 1/VLC is commonly referred to as Vp and is given 
as a fraction of the speed of light in a vacuum. The standard 
value of Vp used in TDR for this air core poly 24 AWG cable 
is 0.67. However, the value of the ratio used in this analysis 
is 0.59. The reason for this can be seen in FIG. 19. The value 
of 0.67 is appropriate for the high frequencies that are found 
in a standard TDR pulse used to test these telephone lines, 
but the C. selected here for low truncated SD signal attenu 
ation in these long lines is equivalent to a low frequency and 
propagates at a slower speed. 
Once the initial TOF estimate of end of the SD region in 
the leading edge of the propagating pulse is obtained at the 
distance 1, the input waveform is attenuated and time shifted 
assuming the end of the SD region of the traveling wave 
corresponds to the point of truncation of the initial SD 
waveform, (FIG. 20, top). The input waveform is then 
incrementally translated in time and attenuated based on 
each new estimated distance traveled. At each distance 
estimate, this shifted and attenuated input waveform is 
subtracted from the measured waveform. If there is no dc 
voltage offset and no noise, this difference will be zero in the 
SD region when the estimated distance is equal to the actual 
distance. Because there is always noise and there is fre 
quently a varying differential, dc offset at different points 
along the cable, the variance of this difference is evaluated 
at each estimated distance. This correlation has a minimum 
when the input waveform has been translated to the actual 
distance traveled, (FIG. 20, middle). If there is a dc differ 
ential offset between the lines, this minimum will be non 
Zero. At this estimated distance, the erosion of the end of the 
truncated SD region due to the dispersion from the closing 
pulse is obvious. If the waveform is translated too far, this 
deviation error measurement increases, (FIG. 20, bottom). 
FIG. 21 shows the calculated standard deviation of the 
difference of the shifted and attenuated input waveform and 
the SD waveform measured at the splice between the second 
and third twisted wire pairs as a function of estimated 
distance. The minimum occurs at an estimated distance of 
12,216 ft. FIG. 22A shows the difference of the two wave 
forms and the variance of the difference of the waveforms at 
the minimum. FIG. 22A indicates that there is a five to ten 
millivolt differential dc offset between the two measuring 
points. FIG. 22B is presented to show how the variance has 
increased when the estimated distance is 38 ft longer than 
the distance associated with the minimum. 
This process was repeated eight times giving average 
distances of 6,113 ft, 12,216 ft, and 18,327 ft for the best-fit 
shift locations of the attenuated input waveform to the 
measured waveforms. The standard deviations of the three 
lengths were 1 ft, 1 ft, and 5 ft respectively. The fits 
associated with one of these data sets are shown in FIG. 23. 
The actual length of the cable was not exactly known, 
however, each pair in the cable is parallel and the only 
differences in length are small and due to different twist 
rates. This process yields the distance of two lengths within 
10 ft of two times the distance of one length. The distance 













one length. Using the ~6 kft distance as a standard gives a 
discrepancy of -0.08% for the ~12 kft length and -0.06% 
for the ~18 kft length. 
Example 5 
Time Domain Reflectometer (TDR): Precision 
Measurement of Transmission Line Distance to 
Impedance Change Using a Reflected Wave 
A Time Domain Reflectometer (TDR) is a test instrument 
used to find faults in transmission lines and to empirically 
estimate transmission line lengths and other parameters 
characterizing the line Such as inductance per unit length, 
capacitance per unit length, resistance per unit length and 
conductance per unit length. A fundamental measurement in 
TDR test technology is the time of flight (TOF) of a test 
pulse generated by the instrument and applied to the line. 
This time of flight may be measured by timing the passage 
of the pulse detected at two locations along the line, referred 
to as Time Domain Transmission measurements (TDT). Or 
by Time Domain Reflection measurements which estimate 
the launch time of a pulse at one position and the Subsequent 
return time of the pulse back to the same location after the 
pulse has been reflected from a fault or other impedance 
change Some distance along the line. These measured TOF 
values, along with a value of the propagation speed of the 
pulse, allows one to obtain the distance between measure 
ment points or in the case of the reflected wave, the distance 
from the pulse launch point to the location of the impedance 
change causing the pulse to be reflected and returned to the 
launch point. 
A fundamental limitation in TDR technology is the poor 
accuracy of these TOF measurements in lossy, dispersive 
transmission lines. The relatively high TDR accuracy of 
TOF values obtainable in short low loss, low dispersion 
transmissions lines is possible only because the propagating 
test pulses keep their shape and amplitude in tact over the 
distances they travel during TOF measurements. By con 
trast, in dispersive, lossy long transmission lines the test 
pulses used in the art change shape, change amplitude any 
speed as they travel. The TOF measurements used in the art 
under these circumstances focus on estimating the emer 
gence time of the leading profile of the test pulses. This part 
of the signature of test pulses used in the art has character 
istically a low signal level and low signal slope making an 
accurate pulse emergence time measurement difficult to 
obtain. 
Several advantages can be obtained in TDR technology 
for lossy, dispersive transmission lines by using a test pulse 
that contains a truncated SD signal in its leading edge. This 
truncated SD leading edge travels at a constant speed along 
these transmission lines without changing shape. The speed 
of propagation of this SD edge is a function of the line 
parameters and the SD signal parameter alpha and is con 
trollable by changing alpha. The truncated SD leading edge 
of the test pulse will be attenuated as it travels along a lossy 
line. However, this rate of attenuation is also a function of 
the line parameters and the SD signal parameter alpha and 
is controllable by changing alpha. 
The same principles used for TDR can be applied to 
waveforms other than electromagnetic waves in a transmis 
sion line. The reflections of acoustic waves in SONAR or 
geophysical applications can be analyzed using the tech 
niques discussed in this section to provide accurate time of 
flight and distance estimates as well as be used to charac 
terize the transmission media. 
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The accuracy of the SD test waveform in a TDR appli 
cation can be demonstrated by an example using the T1 
cable, as discussed in examples 1 and 2. The two twisted 
wire pairs inside the T1 cable are connected in series to form 
a 2004 ft cable and the truncated SD signal is applied to the 
input. The Voltage trace is measured at the splice of the two 
lines at 1002 ft. This can eliminate the need to correct for 
any line impedance mismatch at the point of measurement. 
The exponential coefficient C. of the applied wave is 6.7x10° 
sec'. The SD parameters. As and Vs are obtained from 
the empirical transfer function analysis presented in example 
2. Interpolating from the data of table I gives an As of 
10.703x10ft and a vs. of 6.276x10 ft/sec for this C. 
The first demonstration terminates the cable with an open 
circuit. The reflected coefficient of an open circuit is +1, 
which results in a positive reflection. FIG. 24 shows the 
voltage waveform measured at the 1002 ft point showing the 
forward traveling applied wave and the wave reflected from 
an open termination at the end of the cable. FIG. 25 shows 
the result of the measured reflected wave together with the 
applied wave time shifted and attenuated according to the 
procedure of example 4. The total distance traveled by the 
reflected wave is measured to be 2004 ft by this process, or 
exactly two times the 1002 ft length of this twisted wire pair 
section. FIGS. 26A-B show the constant threshold timing 
method result for TOF discussed in example 1. This method 
results in a time of flight of 3,203 insec, which gives an 
estimated total distance traveled of 2010 ft. This results in an 
estimated twisted wire pair section length of 1005 ft, or 3 ft 
in error (+0.3%). This is an illustration of reduced accuracy 
using the constant threshold TOF measurements when the 
pulse travels far enough to experience significant attenua 
tion. The accuracy of this method may decline more in cases 
where the test pulse experiences even more attenuation. This 
level of attenuation may not generally occur in digital 
circuits. The maximum attenuation of digital signals in 
interconnects is generally less than one-half of the driving 
signal. In Such cases, the constant threshold TOF measure 
ments with the SD wave should be preferably more accurate 
than current TDR methods using estimated time of emer 
gence of the reflected pulses. 
The next demonstration terminates the second twisted 
wire pair with a short circuit. The reflected coefficient at a 
short circuit is -1, which results in a negative reflection. 
FIG. 27 shows the voltage waveform measured at the 1002 
ft point showing the forward traveling applied wave and the 
wave reflected from a short circuit termination at the end of 
the second twisted wire pair. FIG. 28 shows the result of the 
inverted reflected wave and the applied wave time shifted 
and attenuated according to the procedure of example 4. The 
total distance traveled is measured to be 2004 ft by this 
process, or exactly two times the 1002 ft twisted wire pair 
length. FIGS. 29A-B show the constant threshold timing 
method of estimating TOF discussed in example 1. This 
method results in a time of flight of 3,200 nsec, which gives 
an estimated total distance traveled of 2008 ft. This results 
in an estimated twisted wire pair section length of 1004 ft, 
or 2 ft in error (+0.2%). 
The utility of the SD waveform to the TDR process can 
be increased by using an empirical transfer function 
obtained with the use of a non-SD pulse applied to the line 
in a way similar to the process discussed in example 2. As 
an example with this cable, an experimental Voltage pulse is 
generated by an arbitrary function generator connected to a 
single unterminated twisted wire pair from the T1 cable. 
This waveform is shown in FIGS. 30-31 (dotted). The same 













variable resistor load substituted for the 1002 ft twisted wire 
pair. The resistor is adjusted until the waveform approxi 
mates the shape and magnitude of the waveform applied by 
the arbitrary waveform generator to the twisted wire pair, see 
FIGS. 30-31 (solid). The waveform match is not exact 
because the resistor does not have the exact same frequency 
response as that of the twisted wire pair. A load resistance 
equal to the characteristic impedance, Z, of the twisted wire 
pair results in a waveform that is closely matched to the 
waveform applied to the cable and has similar frequency 
content. The difference between the signal measured with 
the resistive load and the signal measured with the trans 
mission line consists of the response of the transmission line 
to the applied signal and contains any reflected waves from 
impedance mismatches on the transmission line. The trans 
fer function is then calculated from the ratio of the fast 
Fourier transforms (FFT) of the difference of the two sig 
nals, and the signal of the resistor alone: 
FFT(VMeasured with Cable Wieasured with Load Resistance Z.) Hest (ico) = 
FFT(VMeasured with Load Resistance Z.) 
This function, shown in FIG. 32, can be used to evaluate the 
reflected transmission line response to a SD pulse. 
As a test of this process, a SD pulse with an O. equal to the 
C. used in the previous two experiments was simulated. The 
transfer function determined for the open terminated T1 
cable, (FIG. 32), was used to calculate the expected 
response, see FIG. 33. There is a small pulse at the time of 
the applied pulse due to the resistor and cable having 
different high frequency impedance values. The influence of 
this pulse was eliminated with appropriate time windowing. 
The simulated response was then used to estimate the 
distance to the open termination using the methods of 
example 4 (FIG. 34), and example 1 (FIGS. 35A-B). The 
result of the slide and attenuate method resulted in an 
estimated total round trip distance the pulse traveled of 
2004, or double the exact distance of 1002 ft to the open. The 
constant threshold method resulted in time of flight of 3,196 
insec for an estimated distance traveled of 2006 ft, or two 
times an estimated distance of 1003 ft to the open (0.1% 
Error). 
No actual SD signal was experimentally applied to the 
twisted wire pair to obtain these results. The test signal 
applied to the line (FIG. 30) was similar to the type obtained 
form a commercial TDR instrument for testing communi 
cation cables with lengths ranging up to 5-kft. The mea 
Surements resulting from this test line Voltage were used to 
obtain an empirical line transfer function. The SD TOF and 
the line distance estimates were all obtained computationally 
by simulating the SD propagation along the line utilizing 
this empirical line transfer function estimated with non-SD 
signals. 
Example 6 
Communication by High Speed Data Transmission 
using Speedy Delivery Waveforms 
The SD waveform has several properties that make it 
Suitable as the basis for a data transmission scheme. For 
example: the exponential shape is maintained as it propa 
gates at constant speed in a uniform cable; the attenuation of 
the SD waveform is adjustable by changing the exponential 
waveform parameter C.; the propagating speed of the SD 
US 7,375,602 B2 
27 
waveform is adjustable by changing the exponential wave 
form parameter C.; and the SD waveforms with different C.'s 
are linearly independent. 
This example teaches using the first property as the basis 
for a method of transmitting data using SD waveforms. The 
signals are transmitted 2004 ft along a transmission line 
consisting of the two twisted wire pairs in a 1002 ft T1 cable 
connected in series. The second twisted wire pair is termi 
nated with a 100-ohm resistor. The data is encoded on four 
SD waveforms, each having a distinct C. Each waveform 
can be transmitted with a positive or a negative D, resulting 
in eight total states for three bits per symbol. One symbol is 
transmitted every three microseconds, giving a data rate of 
1 Mbps. As one of ordinary skill in the art will recognize 
with the benefit of this disclosure, several other communi 
cation schemes can be readily derived from the teachings 
contained herein. 
The symbols can consist of a two-microsecond truncated 
SD leading edge period followed by a one-microsecond 
recovery period. This recovery period includes a variable 
width half-sine compensating pulse adjusted to shorten the 
time required for the transmission line to return to a Zero 
Voltage. The need for this recovery period and compensating 
pulse is illustrated in FIGS. 36A-B and FIGS. 37A-B. FIG. 
36A shows the transmitted pulse without the compensating 
pulse, and FIG. 36B shows the received pulse without the 
compensating pulse. The truncated SD waveform in the 
leading edge of the input pulse is closed with a simple ramp 
signal, which is rounded due to the line response. Although 
the SD portion of the propagating pulse does not undergo 
deformation, the closing ramp does disperse into the region 
beyond the three-microsecond symbol period. FIGS. 37A-B 
show the effect of the compensating pulse in eliminating this 
inter-symbol interference. Each truncated SD waveform 
may requires a different amount of compensation so the 
width of the half-sine pulse can be varied based on observing 
the pulse at the terminated end of the second twisted wire 
pair. 
FIG. 38 shows a series of four symbols applied to the 
twisted wire pair input. Each symbol has a unique C, and a 
unique D. The C.'s are equally spaced 1.1x10 sec' apart at 
2.2x10 sec', 3.3x10 sec', 4.4x10 sec, and 5.5x10 
sec'. The order C.'s used for this illustration of four 
successive symbols in FIG. 39 is 4.4x10 sec, 2.2x10 
sec', 3.3x10 sec', and 5.5x10 sec'. The D's were 
chosen to maintain an approximately equal maximum and 
minimum symbol Voltage. For this demonstration, the fourth 
waveform is inverted. The signal measured at the 100-ohm 
termination at a distance of 2004-ft is shown in FIG. 39. 
FIG. 40 shows the natural log of the signal within each 
symbol period for the signal of FIG. 39. A set of matched 
filters could be used to detect the individual Ols. The slopes 
of the least square linear fits of the linear regions of these 
waveforms are shown in Table II (set forth below). The 
decision level for this demonstration would be one half of 
the step size in C. (1.1x10 sec') of 0.55x10 sec'. All 
errors are well below this threshold. 
TABLE II 
Encoded and decoded Ci's from Data Transmission Demonstration 
Applied C. Detected C. Error 
Symbol (x10 sec') (x10 sec') (x10 sec') 
1 4.4 4.38 -0.02 














Encoded and decoded Ci's from Data Transmission Demonstration 
Applied C. Detected C. Error 
Symbol (x10 sec') (x10 sec') (x10 sec') 
3 3.3 3.28 -0.02 
4 5.5 5.53 +0.03 
Example 7 
Communication by High Speed Data Transmission 
Using Orthogonal Linear Combinations of Speedy 
Delivery Waveforms 
This example discusses using the fourth SD waveform 
property, that SD waveforms with different C.’s are linearly 
independent. This property can be utilized to generate an 
orthogonal set of pulses. Data can be encoded on these 
pulses by varying their amplitude. These amplitude-modu 
lated orthogonal pulses are transmitted simultaneously on 
the transmission line. At the receiver, the individual pulse 
amplitudes are computed by taking advantage of their 
orthogonality. The basic pulses derived from the SD wave 
forms must be orthogonal at the receiver for this scheme to 
work. 
The repetitive transmission of data may require closed 
pulses. As shown in example 6, that the SD portion of the 
leading edge of a closed propagating pulse maintains its 
shape, while the shape used to close the pulse will disperse 
as it propagates. The attenuation and propagation speed of 
the truncated SD leading region of the pulse is a function of 
the SD parameter C. Therefore, the orthogonality of a set of 
these pulses with a variety of C. values will be reduced as the 
pulses propagate. Fortunately, the pulses only have to be 
orthogonal at the receiver. Techniques can be used to gen 
erate a set of orthogonal pulses from linearly independent 
component pulses. The effect of the transmission line on 
these component pulses can be determined empirically. 
These transmitted component waveforms, measured at the 
receiver, will be linearly independent. Linear combinations 
of these measured, linearly independent component pulses 
are used to generate a set of pulses that are orthogonal at the 
receiver. The constants determined by the orthogonalization 
process are Supplied to the transmitter and used to generate 
transmitted pulses that will be orthogonal at the receiver. An 
example of this procedure follows. The process of generat 
ing and transmitting the orthogonal pulses is simulated for 
an 8 kft, 26 AWG twisted wire pair transmission line 
terminated with 100 Ohms resistance. 
The example orthogonalization process can begin by 
using a set of SD waveforms 
1 
X(t) = eo" for m = 1 ... 5, a = 1 x 10'. 
1 
Aa = 1 x 10- -, 
SteC 
and t=0 ... 7x10 sec. The five waveforms are shown for 
a seven-microsecond interval in FIG. 41. The waveforms are 
linearly independent on this time interval. Additionally, 
these SD waveforms have a polynomial structure, i.e. each 
waveform is equal to e^' times the previous waveform. 
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This allows the use of a simple recursive algorithm for 
polynomials 4 to create orthonormal linear combinations 
of these linearly independent waveforms. The set of five 
orthonormal Y’s resulting from this procedure is shown in 
FIG. 42. In this case, X and Y are related by: 
Y 0.026 O O O O X 
Y -0.129 0.088 O O O X2 
Y = 0.717 - 1.003 0.337 O O X3 
Y | | -4.074 8.578 -5.874 1.310 () X4 
Ys 23.304 -65.519 67.862 -30.704 5.124 Xs 
The set, Y, is orthonormal in that the inner product 
The sharp waveform transitions at Zero and seven micro 
seconds have high frequency content that would disperse 
during transmission and contribute to inter-symbol interfer 
ence. This effect is reduced by multiplying this orthonormal 
set by sin(o) t), with 
This has the effect of changing the SD waveform to X', 
where 
X(t) = elot A. sin(ot) 
for n = 1 ... 5. 
Although the SD waveforms, X', are still linearly inde 
pendent, the previous linear combination of these wave 
forms, Y-A-X', is no longer orthogonal. The waveforms, Y', 
are shown in FIG. 43. These waveforms may be transmitted 
through the channel to the receiver. At the receiver, the 
waveforms show the trailing effects of dispersion beyond the 
12 usec symbol period, see FIG. 44. If the spread of the 
pulses into the following symbol periods is not removed, this 
inter-symbol interference at the receiver will render data 
encoded at the transmitter unreadable. A simple method of 
eliminating this interference is by adding a pulse with a 
compensating tail, Z=Y'+bC. In this example, the compen 
sation pulse, C(t), is one cycle of 
1 - costs, to () 
delayed one microsecond after the start of the symbol 
period, see FIG. 45. FIGS. 46, 47 show the waveforms at the 
input and at 8 kft with appropriately sized compensating 













sated component pulses at the receiver are now shorter than 
the desired 12 usec symbol period (see FIG. 47), so any 
linear combination of these pulses will not interfere with the 
next symbol. 
The multiplication by the sine pulse, the adding of the 
compensating pulse, and the transmission in the channel, 
have all reduced the orthogonality of the initial five pulses. 
Initially the angles between the pulses in FIG. 42 were all 
90°. Now the angles between the pulses in FIG. 47 range 
from 11° to 74°. These five linearly independent waveforms 
are now combined into set, S, of four orthonormal wave 
forms using principle component decomposition (PCD) 5. 
The Gram-Schmidt (G-S) orthogonalization method 6 may 
also be used for this step in the procedure, however the PCD 
method is preferable. The G-S method expands an orthonor 
mal vector set one vector at a time. This can lead to a poorly 
conditioned transformation matrix if the components are 
close to being linearly dependent. The PCD method is 
preferable because it takes into account the entire inner 
product space spanned by all of the components. The 
process makes use of the eigenvectors of the entire inner 
product space to generate the transformation matrix. Addi 
tionally, the transformation matrix can be easily manipulated 
to order the eigenvalues. In this example the four largest 
eigenvalues were selected by truncating the transformation 
matrix. This process yields a transformation matrix, B, that 
generates four waveforms that are orthonormal at 8-kft by 
linearly combining the five component signals. These wave 
forms are shown in FIG. 48 (the transmitted signals) and 
FIG. 49 (the received orthogonal signals). 
S = B. (Y' + b. C) 
S1 4.69 5.75 -21.05 -41.44 46.26 
S2 3.55 0.41. 32.53 -33.72 6.00 
S3 -2.74. 9.11 0.48 -63.36 -91.60 
S4 -3.35 - 3.35 2.06 -56.6O 123.38 
Al -0.04034 
Y -0.00283 
Y + 0.01971. C 
Y | | -0.00007 
y; L -0.00110 
S1 1,231.1 -3.365.0 3,375.8 - 1474.7 237.0 
S2 300.5 -714.9 616.1 -228.4 30.7 
S3 - 1877.3 5,458.0 -5,843.5 2,729.4 -469.3 
S4 3,107.7 - 8,571.5 8,705.9 -3,862.4 632.2 
1x101 
1.1x101 -0.668 




The orthonormal set S is orthogonal and normalized at the 
receiver. The process accounts for the effects of the channel 
and allows the transmitter input waveforms to be easily 
constructed as a linear combination of defined components 
prior to transmission. This set S can be used as the basis 
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functions for an orthogonal pulse amplitude modulation data 
transmission scheme. This process is depicted in FIG. 50. 
The data can be encoded by amplitude modulation with 
five bits on each of the four orthonormal pulses, S. Five bits 
requires thirty-two states. Each state corresponds to one 
amplitude level, a on each orthogonal pulse, S. For this 
example the amplitude levels were +0.5, it 1.5, . . . +15.5. 
These four modulated orthogonal pulses are Summed to 
generate a symbol, Q-aS+aS+a-S+aS. 
The symbol is transmitted and decoded at the receiver by 
using the orthogonality of the pulses. For example, the 
applied signal on orthogonal pulse one can be found by 
taking the inner product of the symbol, Q, with the pulse one 
signal, S. This is done by multiplying the received symbol 
by the known orthogonal pulse, integrating over the symbol 
period, and normalizing the result. 
(Q, S) (a S + ayS2 + as S3 + a4S4, Si) 
(S,S) (S,S) 
(a S1, S1) + (a2S2, S1) + (as S3, S1) + (a4S4, Si) 
(S,S) 
a1 (S,S) + 0 + 0 + 0 
(S,S) 
Oil 
FIG. 51 shows three successive symbols at the output of 
the transmitter and FIG. 52 shows the same three symbols at 
the input of the receiver. The symbols were encoded with a 




12 x 106 
Bits 
Pulse 
SeC = 1.67 Mbps. 
Symbol 
FIG. 53 is a histogram of the error in detected level, 
aepeceratelected, for one second, or 1.67x10 bits, of data 
transmitted with -140 dBm additive white Gaussian noise 
(AWGN) present 7. The standard deviations of the error 
distributions are 0.016, 0.018, 0.020, and 0.018 with maxi 
mum detected errors of 0.074, 0.071, 0.083, and 0.078. The 
decoding amplitude decision level is +0.5 
Example 8 
On-chip Clock Circuits 
This example teaches the use of SD waveforms in digital 
circuits, specifically, in on-chip clock circuits. On-chip clock 
circuits may behave like transmission lines with the 
increased clock rates. 
A major design advantage of the SD waveforms when 
used as clock signals is that the delay in an RC line ( 
VRC/Cl) is linear with length, 1, instead of quadratic with 
length as it is with the commonly assumed step signal. 
Linear delay with length 













is also true for the SD signal in an RLC line. In contrast, the 
delay in RLC transmission lines excited by a conventional 
signal exhibit an exponentially growing increase in delay 
with length 8. 
The fact that the SD signal delay increases as a linear 
function of length for all types of clock lines can simplify the 
clock line layout design process. This linear relationship 
holds for the entire range of clock line behaviors, from the 
very lossy clock lines that behave like RC transmission lines 
to low loss clock lines that behave like RLC transmission 
lines. This simple linear relationship between line length and 
SD clock signal delay provides a basis for implementing 
software CAD tools that may enhance accuracy while reduc 
ing design computational requirements. 
Time Skew Clock control is a major issue limiting system 
performance. A Solution to this problem includes equalizing 
conductor lengths to the various locations on the chip where 
the clock signal is needed. Several geometrical patterns are 
commonly used (H. etc.) to equalize the signal path lengths, 
thereby equalizing signal delays. This requires equalizing 
the path lengths along the traces delivering the clock signal 
to pin locations that are physically close to the master chip 
clock driver with those clock signal path lengths to pin 
locations at the longest distances from the master driver. 
Small adjustments to equalize the delays may be accom 
plished by adjusting the line widths to modify the line 
parameters and thereby the delay per unit length and alter 
natively by active means such as varying the delay of 
delayed-locked loops embedded in the clock lines. 
The invention provides a method and/or apparatus for 
utilizing truncated SD clock waveforms to reduce the clock 
skew. An advantage of the invention is that the delay per unit 
length can be adjusted with the exponential coefficient, C. 
chosen in the clock line driver design. This controllable 
delay per unit length has been demonstrated for a 100-ft 
coaxial cable in the initial patent application. The minimum 
coaxial cable delay measured was increased by a factor of 
1.8. 
The large increases in the clock signal delay per unit 
length achieved by varying the exponential coefficient a 
allows lines to the pins close to the clock driver to be 
shortened to more closely approximate the minimum physi 
cal distance between the driver and pin while maintaining a 
path delay equal to the delay of the longest clock lines on the 
chip. The shorter clock distribution lines may utilize less 
physical space on the chip and reduce the total clock line 
capacitance. This reduction in clock line capacitance 
reduces the total power consumption required by the chip for 
a given clock frequency. In one embodiment, an SD wave 
form driver may also be made to create an SD clock signal 
with adjustable delay by including a mechanism for adjust 
ing the exponential coefficient a in the clock generator. This 
adjustable delay of the SD clock signal may provide a larger 
delay adjustment range than the delayed-locked loops uti 
lized in the current technology. 
Example 9 
Signal Propagation without Distortion in a 
Dispersive Lossy Media 
The propagation of signals in a no-loss non-dispersive 
media is ideal because there is no distortion. However, 
pulse shapes that propagate along lossy, dispersive trans 
mission lines are commonly dispersive, i.e., change shape 
''. This property can lead to inaccuracy of measurements 
and mischaracterizations of propagation behaviors. 
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As noted in Example 4 and Example 5 and illustrated in 
FIG. 17, the propagated waveform (e.g., a speedy delivery 
waveform) maintains an essentially constant shape during 
transmission in a dispersive lossy media. In particular, a 
speedy delivery (SD) waveform can be shown to be an exact 
closed form solution in the time domain of the four-param 
eter Telegrapher's equation that can be expressed as F(vt-X). 
The telegrapher's equation for the Voltage on a transmission 
line is 
LC2 (LG. Rc2+ RG = 2 a2 t ( ) + RGv = 
where L. C. R. and G are the transmission line parameters 
12 
The SD solution of Eq. 1 in the time domain with 
boundary conditions v(x=0,t)=De' and v(x->OO,t)=0 is 
v(x,t)=De'e () Eq. 2 
which, when rewritten in the form F(vt-x) yields, 
v(x,t)-DeY(c)(SD(c)-l Eq. 3 
where 
y(s) = LCs+ (LG + RCs + RG and 
C 
VLCa2+ (GL+RC) - RG 
Thus, the SD wave does not change shape as it propagates 
with constant Velocity on this dispersive lossy transmission 
line. The SD solution’s propagation velocity depends on the 
SD boundary condition waveform parameter C. and the 
principal line parameters L., C, R, and G (the dependence on 
C. is removed if R=0 and G=0, in which case v=1/VLC, the 
standard result for the ideal transmission line). 
If the principal transmission line parameters are frequency 
dependent, the SD steady state solution is still valid, where 
the signal propagation velocity becomes 
VSD 
where L(s), C(s), R(s), and G(s) are the Laplace transforms 
of the principal line parameters. As such, the SD wave 
represented by Eq. 2 does not change shape as it propagates 
with constant Velocity on this dispersive lossy transmission 
line with frequency dependent parameters. 
Any application of the SD signal in a circuit can require 
that the exponential signal be truncated at Some maximum 
amplitude. The result of truncating the amplitude of the SD 
signal at the line input is that the responses measured at 
different locations along the transmission line are also 
truncated SD signals having the same shape, but whose peak 
amplitudes decline with distance. Formulas for this attenu 
ation in the truncated SD signal amplitude and the propa 
gation velocity of the truncated SD signal are contained in 
references for various types of transmission lines and other 
DLM. It is also noted that using a truncated SD signal as the 













non-SD waveform results in dispersion of the pulse wave 
form as a whole, with only the leading SD edge retaining the 
shape of the waveform as it propagates in DLM. 
Example 10 
Propagation of a Truncated Exponential Waveform 
Modulated with a Sinusoidal Carrier 
In this example, an electrical signal which includes a 
truncated SD signal envelope modulated with a sinusoidal 
carrier signal can propagate on a lossy dispersive RLC 
transmission line without distortion is demonstrated. Simi 
larly, electromagnetic plane waves which can include a 
truncated SD signal envelope modulated by a sinusoidal 
electromagnetic plane wave propagating through a disper 
sive plasma media (e.g., an ionosphere) is also demon 
strated. Furthermore, the example illustrates that the propa 
gation speed and attenuation of the envelope can be 
controlled. 
1. Steady State Response of a Lossy Dispersive Resis 
tance-Capacitance-Inductance Transmission Line to a Trun 
cated SD Signal Envelope Modulated by a Sinusoidal Car 
rier. 
The propagation transfer function for a resistance-capaci 
tance-inductance (RLC) transmission line is 
where''' Y(s)=LCs+RCs and the SD boundary condition 
is b(t)=V(t.Z-0)-De' sin (Dot. Note that the boundary con 
dition is a SD envelope modulated with a carrier of fre 
quency (Do that is understood to be truncated in time. As 
Such, the steady state Solution in time domain is 
W(t, x) = Peel'e petro (Pete vote-cro-0) Eq. 6 i 2i 
Defining P(c.(Do)=LCO-LCcoo--RCC-0 f 
LCC RCC-LCC), and Q(c.coo)=2LCO.coo-RCo)>0, then 
Eq. 6 becomes 
at 4p2io21/co?tan (QIP) Eq. 7 at-trilo'ot" op) 
-l sint-P o'-(norelp 
Thus, the envelope of the carrier is 
Eq. 8 (p2io? 'cod an OP)-ka/polo? 'collano P)-} 
which has the form of a function F(vt-Z) which propagates 
with a controllable velocity V and controllable attenuation of 
a truncated SD envelope without changing shape'. There 
fore, the propagation Velocity of the envelope is: 
US 7,375,602 B2 
35 
C Eq. 9 
tan-1 (Of P) union) (P2 + o'co 
2. One Dimensional Electromagnetic Plane Wave Propa 
gation in a Dispersive Media 
Assuming the electromagnetic field components are only 10 
a function of Z and assuming the E-field is polarized in the 
X-direction, the electromagnetic field components are as 
follows: 
E=SE(z,t Ed. 10 3E(z,t) C 15 
H=SH.(z,t) Eq. 11 
J-J(z,t) Eq. 12 
2O 
of-co (z,t) Eq. 13 
If (of(z,t)-(1), (i.e., assuming no variations in the plasma 
frequency in Z direction or time), 
then 25 
32 E 1 32 E 1 
- - - - - - -?. ' (10 32 c2 af2 c2 co;(x, t)E = Ol' and 
of H 1 of H 1 Ó 10 30 
a2 2 a.2 2 (P5(3. DH + coao,(c, t)E = 0 
becomes 
35 
8° E, 1 o° E, 1 Eq. 14 
as - a -stoic, DE = 0 
o? H, 1 0 H, 1 , Eq. 15 40 
a 2 - 2 a.2 so,(3, DHy = 0 
Taking the Laplace Transform of the Eq. 14 of the E-field 
yields: 45 
1 d’E,(s, z) Eq. 16 
(s + (o).E.(s, z) = - is 
50 
Then the propagation transfer function for the E-field, in 
terms of the electromagnetic boundary condition at the edge 
of the plasma, B(s), is e' where 55 
2 1 2 2 
y(s) = a (s" + (),), 
60 
and the SD boundary condition 
b(t)=E(t,z=0)=De' sin ()ot. Eq. 17 
It is noted that the boundary condition is a SD envelope 65 
modulated with a carrier of frequency (Do that is understood 
to be truncated in time. 
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As such, the steady state solution in the time domain is 
E (t, x) = Peevote-storio) (Pete vote-to-vo Eq. 18 
Defining P(C.coo)=C+co-coo’-0 if C°-co°-cool and Q(C. 
(Do)-2(DoCD0 if CD0 and cood0, then 
Ed. 1 E. pat-tre+o?"coln P.) q. 19 
-l sinlot-sp to "sir" | P) 
Thus, the envelope of the carrier is 
which has the form of a function F(Vt-Z) which propagates 
with a controllable velocity V and controllable attenuation 
of a truncated SD envelope without changing shapel. The 
propagation velocity of the envelope is: 
C Eq. 21 
-l (p + or 'cos"''') 
Note a similar results hold for H, in Eq. 15. 
It is noted that the types of media discussed above (e.g., 
RLC transmission lines and ionospheres) are merely 
examples. A waveform which may include a speedy delivery 
signal envelope modulated with a sinusoidal signal may 
travel on other types of media without distortion such as, but 
not limited to travel of any energy wave including a signal 
envelope traveling on a lossy dispersive media. 
Example 11 
Temperature Effects on SD Signal Delay in a 
Media 
The temperature of a cable can influence the electrical SD 
signal delay in a media, especially metal wire line cables, 
such as RG-58/U coaxial cable. The effect can be predicted 
by the SD signal delay theory for wire line cable where the 
relation between the delay of a cable delay and a temperature 
of a cable can be useful in creating a new type of precision 
temperature measuring instrument. 
1. Temperature Measurements 
An RLC transmission line model can be used to model a 
metal line wire, e.g., a RG-58/U cable, at signal frequencies 
where the dielectric loss in the cable is small. The SD signal 
delay per unit length, (Ös 1/velocity) of an RLC transmis 
sion line is 
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where the SD signal input voltage applied to the cable is 
De and 
The coaxial cable transmission line parameter, R(T), in Eq. 
22 is the combined resistance per unit length of the center 
conductor and the shield of the metal line wire. As such, the 
resistance of the coaxial center conductor and shield 
decreases with increasing temperature. The inductance and 
capacitance can also change with temperature due to the 
changes in the cross sectional dimensions of the cable due to 
the temperature coefficient of expansion of the insulation 
(PE-Polyethylene). Therefore, the length of the conductor 
can also increase slightly with increasing temperature (17 
ppm/C) resulting in a small increase in the two way travel 
time of the TDR SD test pulse. 
2. Calibration Mode 
If the cable temperature can be controlled from one 
isothermal temperature to another and delay measurements 
performed on the cable at each temperature, then the cali 
brated relation between temperature and cable delay can be 
used to monitor the unknown cable temperature by periodi 
cally measuring the cable delay. In one example, time 
domain reflectometer delay measurements of the two way 
travel of SD pulses were performed on an un-terminated 300 
ft. RG-58/U cable while the cable was held at a series of 
measured constant temperatures. Un-terminated, as defined 
herein, is a media terminated by any impedance other than 
the characteristics impedance of the media. Referring to 
FIG. 54, the results of different temperatures versus cable 
delay calibration measurements are shown. These measure 
ments were made over a period of six days at various 
isothermal temperatures from room temperature, approxi 
mately 22, to freezing, approximately OC. Referring to FIG. 
55, a graph showing the average daily temperature plotted 
verses the average delay for each day. As seen from the 
results, the measurement of SD signal delay is correlated 
with the cable temperature. 
The inductance per unit length of coaxial cable is 
and the capacitance per unit length is 
Thus, VLC(T)=Vue(T). The resulting SD signal delay (e.g., 
the time of flight, TOF) during propagation from cable input 
to unterminated cable end and reflection back to the cable 













The two measurements in FIG.55 at room temperature with 
an 21.5° C. average together with two measurements near 
freezing with an -2.6° C. average will be used to estimate 
the change in the cable dielectric constant over these range 
of temperatures. 
Assuming the length of the cable is 600 ft, the increase in 
delay due to the thermal expansion (17 ppm/°C.) is 382 psec 
for a 24°C. increase in temperature. 
The RG 58/U cable parameters are R(20°C.)=15.5 mS2/ft, 
L(20° C)=0.0801 uPI/ft, C(20° C)=28.5 pF/ft. The coeffi 
cient of thermal expansion of the polyethylene dielectric is 
1,500-3,000x107° C. Follow from Eq. 23 and the above 
parameters, 
Eq. 24 R(-2.6° C.) 
L(-2.6° ...) 
L(21.5° C.) 
R(21.59 ...) Vue(21.5° C) x 1021.59 C.)x 1 + 
Vue(-2.6° C.) 
V us(21.5° C.) 
X 0.9995920x1.000498 
The measurement signal delay ratio is 
Signal Delaya-2.6°C. 946.214 
Signal Delay@ 21.5° C. T945.842 
Thus, 
Eq. 25 Vue(-2.6° C) 
Vue(21.5° C.) 
which equates to 




e(21.5° C) 1.000090 = 1.0006 
indicating the increasing the dielectric constant when the 
cable is cooled. 
As the above equations show, if the cable length is 
accurately known at a given temperature (e.g. room tem 
perature), and the nominal dimensions of the cable as well 
as the metal and dielectric coefficients of expansion are also 
known, then the relation between SD signal cable delay and 
cable temperature may be used to estimate the cable dielec 
tric constant at various temperatures. 
3. Non-Negligible Dielectric Loss 
In general cases, signals with higher signal frequency and 
dielectric loss in the cable are non-negligible. As such, when 
all four of the principal transmission line parameters are 
dependant on frequency as well as temperature, T, then the 
SD signal propagation velocity becomes 
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Eq. 26 
where L(s.T), C(s.T), R(s.T), and G(s.T) are the Laplace 
transforms of the four line parameters. The cable delay per 
unit length, Ös, is equal to 1/Vs, indicating the SD signal 
delay dependence on temperature is 
Eq. 27 
Metal cable temperature measuring instruments that analyze 
reflected electrical signal delay in a cable to estimate the 
temperature profile along the length of the cable are feasible. 
4. Thermometer 
In one embodiment, an apparatus may be used to measure 
the temperature of the media. Referring to FIG. 54, a time 
domain reflectometer (TDR) 1000 includes a signal genera 
tor 1001 and a processor 1002 coupled to the signal gen 
erator 1001. It is noted that signal generator 1001 and 
processor 1002 may be separate and distinct components. 
Alternatively, signal generator 1001 and processor 1002 
may be an integral unit. The signal generator may generate 
a exponential waveform, such as a SD signal, and may 
transmit the signal on a media (e.g., an interconnect, metal 
wire cable, etc.). The processor 1002 may determine the 
delay as described in Eq. 22 of the generated waveform over 
a length of the media. Based on the delay of the signal, the 
processor may be configure to determine the temperature of 
the media. 
It is noted in the above examples that the delay is 
inversely proportional to the temperature. However, it will 
be apparent to those skilled in the art that depending on the 
characteristics of the media, for example the dielectric 
constants, the delay may be proportional to the temperature. 
Example 12 
Designing on Chip Interconnects with Reduced 
Delay 
The delay of interconnects on high performance chips 
have been estimated from lossy transmission line theory 
using an approximation which is based on a distributed RC 
model of the transmission line which, until recently, have 
neglected inductive effects. New methods' now employ 
an RLC transmission line approximation for interconnects 
because inductive affects can no longer be neglected in 
integrated circuits designed to operate with high speed 
clocks (e.g., gigahertz clocks). Using the SD signal in these 
interconnects permits the employment of either the RC or 
RLC line models within the same theoretical framework for 
accurately analyzing circuit delay. For example, the RLC 
transmission model using the telegrapher's equation as 
described in Eq. 1 of Example 9 can be obtained by setting 











The SD signal delay per unit interconnect length, (Ös 1/ 
velocity, T-1/C), is 
Note that if the SD signal waveform parameter t equals 
(L/R), then the signal delay/unit distance traveled is V2 
larger than VLC (the minimum delay/unit length of the ideal 
no loss line). And if t is reduced to approximately (0.1)(L/ 
R), then the SD signal delay/unit length is also reduced 
becoming only about 5% smaller than VLC. 
Reducing T to obtain smaller line delay with the SD 
signal, is also accompanied by an increase in the propagation 
attenuation vs. travel length of the truncated SD signal. 
However, the attenuation of this truncated signal on an RLC 
line at length 1 is bounded, being no worse than a limiting 
maximum value of 
S v CL): e as -> 0. 
1. SD Repeater Insertion 
Repeater insertion is generally required in long lossy on 
chip interconnect lines' because of signal attenuation. As 
such, SD repeater insertion methods can be employed in 
long lines to reduce interconnect delay while maintaining 
signal amplitude constraints for adequate input signal integ 
rity at the repeaters. In one embodiment, repeaters having a 
SD waveform output can be implemented in CMOS where 
the high speed latched comparator circuits in CMOS contain 
a middle stage (unstable feedback loop) that can produce the 
positive exponential waveform'7. 
A repeater insertion design for a 1 cm line using line 
parameters R=40.74 Ohm/mm, L=1.52 nh/mm, and 
C=228.5 fP/mm, and considering a target clock frequency of 
10 GHz for a 0.07 um CMOS technology is demonstrated. 
First, a cadence simulation of a 0.18 um CMOS process 
technology of a re-settable latch with inverters as output 
buffers was performed and yielded a SD signal output with 
t=60 ps. For the 0.07 um CMOS technology, the estimated 
SD signal is scaled such that t is approximately 23 ps. For 
a 10 GHz clock, t can be assumed to be reduced by a factor 
10 (t is approximately 3 ps). FIG. 57 shows the line delay 
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versus T. Fort 3 ps, the results in a line delay/unit length is 
approximately 19.4 ps/mm. FIG. 58 illustrates the truncated 
SD signal attenuation as a function of line length. 
Choosing a maximum allowed attenuation of approxi 
mately 0.7 for each line segment length allows a maximum 
of 1.46 mm per segment. Assuming six segments over the 
total 10 mm length (the total 10 mm wire delay, excluding 
the repeater delays is 10x19.4 ps/mm=194 ps/mm), and a 
repeater delay, T, of 3t to 6t. In this example, the repeater 
delay is approximately 10 ps which yields a total delay of the 
segmented line equal to 264 ps ((7x10 ps)+194ps). This is 
approximately three clock periods for a 10 GHz clock. The 
minimum delay of an un-segmented (no repeaters) ideal no 
loss line of 10 mm length (10 mmx18.6 ps/mm) is 186ps or 
approximately two clock periods at 10 GHz. The ratio (%) 
of the no loss 10 mm line delay (186 ps) to the total delay 
of SD repeater solution for the lossy 10 mm line (264 ps) is 
70%. 
By using the SD repeater insertion, any performance 
limiting interconnect delay larger than 1+VLC over long 
paths of length 1 can be reduced by making the repeater 
delay and parameter t of the SD repeater output signal 
Smaller. 
Example 13 
Encoding Propagation Properties into the Signal 
Waveforms 
As noted above, the SD waveform and accompanying 
propagation properties can be incorporated into the signal 
waveforms of digital and communication systems. In com 
munication systems, the coding modalities unique to the SD 
waveform can be utilized that complement current commu 
nication waveform coding techniques. For example, since 
the SD waveform does not change shape during propagation 
in dispersive and lossy media, the SD shape parameter C. 
(exponential coefficient) maybe varied from one transmitted 
SD pulse to another with the pattern of change in C. detected 
at the receiver. In this manner, the value of C. may be coded 
to convey information transmission in the channel. 
Additionally, the process of encoding also allows multiple 
distinct values of C. to be simultaneously incorporated into 
SD portions of the leading edge of a pulse. An example is 
illustrated in the figures that follow. FIG. 59 shows a 
graphical user interface that demonstrates an input pulse 
with two distinct shapes of SD signals comprising the 
leading edge of the pulse. The lower Voltage range consists 
of an SD signal with a shape parameter C. which has a value 
of 2x10" (1/sec) and the higher voltage range of the leading 
edge consists of a second SD waveform shape with C, which 
has a value of 3x107 (1/sec). These distinct values are 
incorporated in the leading edge of the pulse and are 
preserved during the propagation in a 600 ft in a RG 58/U 
coaxial cable. FIG. 60 illustrates the preservation of the first 
SD signal section of the pulse with shape parameter C. with 
the input pulse on the left of the figure and the reflected pulse 
after traveling 600 ft on the right. FIG. 61 illustrates the 
natural log of the Voltage amplitudes of these input and 
reflected signals with slopes of both consistent with C. FIG. 
62 illustrates the output of ratio of filters used on the signal 
of FIG. 60. and FIG. 63A illustrate the shape preservation of 
the second SD signal portion of the leading edge with C. 
where FIG. 63B illustrate natural log of the voltage ampli 
tudes of these input and reflected signals with slopes of both 
consistent with C. FIG. 63C illustrates the output of ratio of 













graphical user interface that demonstrates a pulse with these 
two sections of SD signals interchanged with C. for the first 
section and C for the second section. FIG. 65 shows the 
preservation of the shapes for the C. with the input pulse on 
the left of the figure and the reflected pulse after traveling 
600 ft on the right. FIG. 66 illustrates the natural log of the 
Voltage amplitudes of these input and reflected signals with 
slopes of both consistent with C.1. FIG. 67 illustrates the 
output of ratio of filters used on the signal of FIG. 65. 
Similarly, FIGS. 68A, 68B, and 68C show the preservation 
of the shapes for the C with the input pulse on the left of the 
figure and the reflected pulse after traveling 600 ft on the 
right. 
These two pulses with composite SD shapes in their 
leading edge, together with two pulses with distinct single 
SD shapes corresponding to either C. or C in their leading 
edge, together provide a modulation scheme capable of 
conveying two bits information in the channel. The standard 
pulse amplitude modulation process may be combined with 
this modulation of SD shapes creating a composite modu 
lation technique to enhance data rate by two bits per symbol 
period with essentially no increase in bandwidth of the 
transmitted symbols. The values of C. in the SD sections of 
these pulses may be detected (e.g., decoded) as discussed in 
Example 7. 
Example 14 
Bias Adjustments to Decrease the Standard 
Deviation of Signal Delay Measurement 
The leading edge of a SD signal, in particular, a truncated 
SD signal, that is transmitted on a media has an exponential 
shape. However, the transmission of this signal may have a 
slow transient condition. The transient condition may be a 
bias resulting from a long, slow, decaying tail. This bias may 
be added to the exponential waveform, and thus may skew 
the waveform. This example demonstrates an algorithm for 
removing the bias. 
1. Algorithm A: Compensation Algorithm for a Known or 
an Unknown C. Value of Applied Signal 
Referring to FIG. 69, a measured waveform before any 
bias is shown. The received 10,000 discrete data, from 0 
insec to 2.00 insec will first be separated into two categories: 
applied signal including the first 3,500 discrete data from 0 
insec to 700 nsec and reflected signal including the remaining 
data from 700 nsec to 2,000 nsec, as shown in FIG. 69. The 
SD threshold overlap region is defined as the signal Voltage 
threshold range between 25% and 75% of the peak voltage 
of the reflected signal. The slope of the natural log of the 
applied signal and the reflected signal in the overlap region 
needs to be adjusted to match the C. value for the applied 
signal, which is 2x107 1/sec, as shown in FIG. 70. 
A. Compensation Algorithm for a Known C. Value of 
Applied Signal 
Referring to FIG. 71A, the signal shown in the solid line 
represents a measured exponential waveform with an added 
unknown positive bias, +B. For this example, +B is approxi 
mately +0.05 V. It is noted that the bias voltage may be 
higher. Alternatively, the bias voltage may be lower. The 
signal shown in the dotted line is the measured exponential 
waveform with bias B removed. In FIG. 71B, the natural log 
of the measured exponential waveform with bias is shown in 
the solid line and the natural log of the exponential wave 
form without bias +B is shown with the dotted line. As seen 
in FIG. 71B, the estimated slope of the natural log plot of the 
measured signal with positive bias +B in the overlap region 
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(solid line) will be smaller than C. On the other hand, the 
estimated slope of the natural log plot, in the overlap region 
of the measured signal with the bias +B removed (dotted 
line) will have a slope substantially equal to C. (2x107 
(1/sec)). 
Referring to FIG. 72A, the signal shown in the solid line 
is a measured exponential waveform with an added 
unknown negative bias, -B. For this example, -B is approxi 
mately -0.05 V. It is noted that the bias voltage may be 
higher. Alternatively, the bias voltage may be lower. The 
signal shown with a dotted line is the exponential signal 
without negative bias -B. In FIG.72B, the natural log of the 
exponential waveform with negative bias -B is shown in the 
solid line and the natural log of the exponential waveform 
without bias -B is shown with the dotted line. It represents 
that the slope of the natural log plot of the measured signal 
with negative bias -B in the overlap region (solid line) will 
be greater than C. Therefore, after removing the negative 
bias -B, the natural log plot in the overlap region, of the 
measured signal will have a slope Substantially equal to C. 
As stated above, the unknown bias must be removed in 
order to obtain accurate threshold time of flight, TOF, 
values. In one embodiment, the unknown bias B can 
reflected in the slope of the natural log plot of the exponen 
tial waveform plus bias in the SD threshold overlap region. 
AS Such, the unknown bias can be estimated and removed. 
In this bias removal, the error tolerance of residual bias of 
both the applied and reflected signals is chosen to be 1 uV. 
i. Applied Signal 
In this experiment, the applied signal is be a pulled-down 
signal with a Voltage value Such that the measured signal 
graph becomes that of an exponential waveform with an 
unknown negative bias. In one embodiment, the Voltage of 
the applied signal may be approximately 0.01 V. First, the 
graph is lifted gradually with an added incremental Voltage 
value which is initially chosen to be +0.001 volts at the 
beginning (0.01/10 volts) and is incremented until the slope 
of natural log of the signal versus the time is lower than the 
known C. Value of the applied signal. Next, the process is 
continued by adding one incremental negative bias Voltage 
level (-0.001V). Then the previous process of incrementally 
adding positive voltage level (+0.001/10 volts)+0.0001 V is 
performed until the natural log plot has a positive bias again 
as indicated by the slope of the log plot of the SD threshold 
region being less than C. At this point, the waveform 
becomes an exponential with a positive additive Voltage 
bias. The previous process is again repeated by Subtracting 
+0.0001V from the waveform resulting a negative bias 
again. The positive incremental bias level 0.00001 V is 
added to the signal repeating the process describe above. 
Then the whole process repeated one more time with a new 
incremental voltage level, e.g., 1 uV (+0.00001/10 volts). At 
this point the bias adjustment process is concluded. This 
process is separately used to reduce the residual bias to less 
than 1 LV for both the applied and reflected signals. The 
natural log of both signals with the bias less than 1 LV versus 
time plot is shown in FIG. 70. The total shifted voltage of 
applied and reflected signal is named as Bias and Bias, 
respectively and is illustrated in FIG. 73. 
Once the biases of both signals have been reduced, the 
final results obtained in this manner will be used to calculate 
the constant threshold TOF values in each of a series of 













B. Compensation for Unknown C. Value of AppliedSignal 
Referring to FIGS. 74A and 74B and FIGS. 75A and 75B, 
the SD threshold overlap region of a measured applied 
signal or a signal is separated into a SD threshold lower 
overlap region and a SD threshold higher overlap region, in 
which the average threshold voltage level determining the 
border between higher and lower overlap region. In FIG. 
74A, the signal represented by the Solid line is an exponen 
tial waveform with an added positive bias +B. In this 
example, the positive bias +B is 0.05 V. The signal repre 
sented by the dotted line is an exponential waveform without 
any bias. The natural log of the exponential waveform with 
bias (Solid line) and the natural log of the exponential 
waveform without bias (dotted line) are shown in FIG. 74B. 
The slope in the SD threshold lower region is approximately 
1.62x107 (1/sec) where the slope in the SD threshold higher 
region is approximately 1.77x10'(1/sec). These values show 
that the slope of natural log plot is increased from the SD 
threshold lower region to the SD threshold higher region 
when the unknown bias is positive. Similarly, referring to 
FIG. 75A, the signal shown in solid line is the exponential 
waveform with an added negative bias -B. In this example, 
-B is a -0.05 volts. The signal shown in dotted line is the 
exponential waveform without bias. As shown in FIG. 75B, 
the natural log of the exponential waveform without the bias 
-B is shown in a dotted line and the natural log of the 
exponential waveform without the bias -B is shown in solid 
line. The slope of the SD threshold lower region and the 
slope of the SD threshold higher region are estimated as 
2.61 x 107(1/sec) and 2.32x107(1/sec), respectively. As a 
result, decreasing the slope of natural log plot from the lower 
region to higher region implies the bias is negative. There 
fore, from the correlation of bias and the difference of slope 
in two regions (i.e., the SD threshold higher region and SD 
threshold lower region), the bias can be estimated and 
removed. 
2. Algorithm B: Compensating Algorithm Using the Dif 
ference Between the Adjusted Applied Signal and the 
Reflected Signal 
For the algorithm described above (e.g., algorithm for a 
known or an unknown C. value of applied signal), adjusts 
both the applied and the reflected signals, which are termed 
as Bias1 and Bias2, respectively. A calibration program can 
be applied to a series of measured constant threshold TOF 
values for both Bias1 and Bias2 on the same length of the 
media, as shown in FIG. 73. The variation patterns of Bias1 
and Bias2 are observed to be similar. Interestingly enough, 
further comparison of Bias1 and Bias2 reveals that another 
similarity exists between measured constant threshold TDR 
TOF measurements and the difference between Bias and 
Bias, which is shown in FIG. 74A. This phenomenon 
implies that the difference of bias (ABias-Bias1-Bias2), 
illustrated in FIG. 74B correlates with the measured constant 
threshold TDR TOF measurements in FIG. 74A. 
In this example, the standard deviation of measured 
constant threshold TDR TOF values can be drastically 
reduced. For example, let AB (AB-Bias1-Bias2) denote the 
difference of the means of Bias1 and Bias2, where Bias1 and 
Bias2can be determined from the measured applied wave 
and the reflected wave, respectively using the algorithm for 
a known or an unknown C. value of applied signal described 
above. AB can be generated from calibration program used 
to partially adjust the bias for the reflected signal. For this 
example, AB is found to be approximately 0.00591 V. This 
algorithm described herein as the “B algorithm, uses the 
bias of applied signal, PBias1, calculated by using the 
algorithm described above, described herein as the “A 
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algorithm' (i.e., algorithm for a known or an unknown C. 
value of applied signal). The bias of reflected signal, PBias2. 
is AB subtracted from PBias1 (PBias2=PBias1-AB). Next, 
PBias1 and PBias2 will be added to the applied and reflected 
signal waveform respectively to yield the bias compensated 
waveforms. Accordingly, the time values corresponding to 
100 individual voltages threshold voltage crossing times in 
the threshold overlap region are calculated and averaged. 
The mean value of these 100 threshold crossing TOF in 
reaching 100 threshold voltages is regarded as the TOF 
value in this measurement. By so doing, the new results of 
60 measured constant threshold TDR TOF measurements 
are shown in FIG. 75, and associated histogram is shown in 
FIG. 76. As seen in FIG. 75, the range of new measured 
constant threshold TDR TOF measurements is approxi 
mately 45 nsec, and the standard deviation of measured 
constant threshold TDR TOF is approximately 9.7 psec. 
Comparison of the measured constant threshold TDR 
TOF values and histograms of employing the A algorithm 
and the Balgorithm (FIGS. 75 and 76) shows that the range 
of measured constant threshold TDR TOF in 60 measure 
ments is obviously reduced from 131 psec to 45 psec. Also 
the standard deviation of measured constant threshold TDR 
TOF is reduced from 22.7 psec to 9.7 psec. Moreover, all 
measured constant threshold TDR TOF measurements 
obtained from the B algorithm bias adjustment are lying 
within the range obtained from A algorithm. As such, the B 
algorithm has more accurate measured constant threshold 
TDR TOF estimates with less than approximately half of the 
standard deviations compare with the A algorithm. 
All of the methods and apparatuses disclosed and claimed 
can be made and executed without undue experimentation in 
light of the present disclosure. While the apparatus and 
methods of this invention have been described in terms of 
embodiments, it will be apparent to those of skill in the art 
that variations may be applied to the methods and in the 
steps or in the sequence of steps of the method described 
without departing from the concept, spirit and scope of the 
invention. In addition, modifications may be made to the 
disclosed apparatus and components may be eliminated or 
substituted for the components described where the same or 
similar results would be achieved. All such similar substi 
tutes and modifications apparent to those skilled in the art 
are deemed to be within the spirit, scope and concept of the 
invention as defined by the appended claims. 
The terms a oran, as used herein, are defined as one or 
more than one. The term plurality, as used herein, is defined 
as two or more than two. The term another, as used herein, 
is defined as at least a second or more. The terms including 
and/or having, as used herein, are defined as comprising 
(i.e., open language). The term coupled, as used herein, is 
defined as connected, although not necessarily directly, and 
not necessarily mechanically. The term approximately, as 
used herein, is defined as at least close to a given value (e.g., 
preferably within 10% of more preferably within 1% of, and 
most preferably within 0.1% of). The term substantially, as 
used herein, is defined as at least approaching a given State 
(e.g., preferably within 10% of more preferably within 1% 
of, and most preferably within 0.1% of). The term means, as 
used herein, is defined as hardware, firmware and/or soft 
ware for achieving a result. The term program or phrase 
computer program, as used herein, is defined as a sequence 
of instructions designed for execution on a computer system. 
A program, or computer program, may include a Subroutine, 
a function, a procedure, an object method, an object imple 
mentation, an executable application, an applet, a servlet, a 














library and/or other sequence of instructions designed for 
execution on a computer system. 
The appended claims are not to be interpreted as including 
means-plus-function limitations, unless Such a limitation is 
explicitly recited in a given claim using the phrase(s) 
“means for and/or “step for. Subgeneric embodiments of 
the invention are delineated by the appended independent 
claims and their equivalents. Specific embodiments of the 
invention are differentiated by the appended dependent 
claims and their equivalents. 
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What is claimed is: 
1. A method for transmitting an exponential waveform, 
comprising: 
generating an exponential waveform on a transmission 
line, the exponential waveform: 
(a) being characterized by the equation Vs De'P 
Pl, where D is a magnitude, Vs, is a voltage, t is time, 
As is an attenuation coefficient, and Vs is a propa 
gation Velocity; 
(b) being truncated at a maximum value; and 
(c) having an essentially constant shape during transmis 
S1O. 
2. The method of claim 1, where generating the exponen 
tial waveform comprises generating the exponential wave 
form on a dispersive lossy transmission line. 
3. The method of claim 1, further comprising measuring 
a constant threshold time of flight of the exponential wave 
form. 
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4. The method of claim 3, further comprising measuring 
a delay of the exponential waveform on the transmission line 
utilizing the constant threshold time of flight measurement. 
5. The method of claim 3, further comprising reducing a 
delay in the transmission line by utilizing the constant 
threshold time of flight measurement. 
48 
16. A method for determining a temperature of a media, 
comprising: 
generating an exponential waveform on the media; 
determining a delay of the exponential waveform travel 
ing a length 1 on the media, the delay being character 
ized by the equation. As Ósl, where Ös, is the delay 
per unit length of the signal, 
ASD = (P) La. T)C(a, 
6. The method of claim 5, where reducing a delay 
comprises reducing a length of the transmission line. 
7. The method of claim 5, where reducing a delay 
comprises reducing a delay in a transmission line to Sub 
stantially equalize a delay in a plurality of transmission 
lines. 
8. The method of claim 3, further comprising measuring 
a delay of the exponential waveform from an impedance 
discontinuity in the transmission line utilizing the constant 
threshold time of flight measurement. 
9. The method of claim 1, the exponential waveform: 
(d) being characterized by a plurality of transmission line 
parameters and the equation 
C 
VSD 
where Vs is a propagation velocity, C. is an exponential 
coefficient, L is an inductance per unit length of the trans 
mission line, C is a capacitance per unit length of the 
transmission line, R is a resistance per unit length of the 
transmission line, G is a conductance per unit length of the 
transmission line; and 
where L(C.), C(C.), R(C), and R(C.) are the Laplace trans 
forms of the plurality of transmission line parameters. 
10. A method for transmitting a waveform comprising: 
generating a waveform comprising a speedy delivery 
signal envelope modulated with a sinusoidal signal on 
a media, the waveform: 
(a) being characterized by the equation V(Z.s)=B(s)e 
zy(s), where V(Z, S) is a Voltage, B(S) is a Laplace 
transform of a boundary condition De', where D is 
an amplitude and t is time and Y is an attenuation 
coefficient; and 
(b) having a Substantially constant shape during trans 
mission on the media. 
11. The method of claim 10, where generating comprises 
generating an exponential waveform comprising a truncated 
speedy delivery signal envelope modulated with a sinusoidal 
carrier signal. 
12. The method of claim 11, the media comprising a 
resistance-capacitance-inductance transmission line. 
13. The method of claim 10, where generating comprises 
generating an electromagnetic plane waveform comprising a 
truncated speedy delivery signal envelope modulated with a 
sinusoidal electromagnetic plane wave. 
14. The method of claim 13, the media comprising a 
dispersive plasma media. 












where L is a temperature dependent inductance per unit 
length of the media, C is a temperature dependent capaci 
tance per unit length of the media, R is a temperature 
dependent resistance per unit length of the media, G is a 
temperature dependent conductance per unit length of the 
media, and where L(C.T), C(C.T), R(C.T), G(C.T) are 
Laplace transforms of the plurality of media parameters; and 
determining the temperature based on the length of the 
exponential waveform travel (1(T)), where the tempera 
ture is proportional to (1(T)). 
17. The method of claim 16, where C. is an exponential 
coefficient of a boundary condition of the exponential wave 
form, the boundary condition being characterized by the 
equation De', where D is an amplitude and t is time. 
18. The method of claim 16, where determining a delay 
comprises determining a delay where the length of the media 
is inversely proportional to the temperature of the media. 
19. The method of claim 16, where generating comprises 
generating an exponential waveform on a metal wire line 
cable. 
20. A method for determining a temperature of a media, 
comprising: 
generating a speedy delivery signal on a media of length 
l; 
determining a delay of the speedy delivery signal char 
acterized by the equation Asl(T). VL(T)C(T). 
V1+t/(L(T)/R(T)), where As is the delay of the signal, 
L(T) is a temperature dependent inductance per unit 
length of the media, R(T)is a temperature dependent 
resistance per unit length of the media, C(T) is a 
temperature dependent capacitance per unit length of 
the media, and tis a reciprocal of an exponential 
coefficient C.; and 
determining the temperature, where the delay is propor 
tional to a temperature of the media. 
21. The method of claim 20, where 1?t is an exponential 
coefficient of a boundary condition of the speedy delivery 
signal, the boundary condition being characterized by the 
equation 
Def, 
where D is an amplitude and t is time. 
22. The method of claim 20, where generating comprises 
generating the speedy delivery signal on a metal intercon 
nect. 
23. A method for reducing interconnect delays, compris 
ing: 
generating a signal on an interconnect; 
determining a delay of the signal characterized by a line 
model and the equation Ös-VLCV1+t/(L/R), where L 
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is the inductance per unit length of the interconnect, R 
is the resistance per unit length of the interconnect, C 
is the capacitance per unit length of the interconnect; 
and 
reducing the delay of the signal by decreasing t, where 1?t 5 
is an exponential coefficient of a boundary condition 
characterized by the equation 
t 
Def, 10 
where D is an amplitude and t is time. 
24. The method of claim 23, the line model comprising a 15 resistance-inductance-capacitance line model. 
25. The method of claim 23, where generating the signal 
comprises generating a speedy delivery exponential signal 
on the interconnect. 
26. A method for reducing interconnect delay, comprising: 20 
generating a signal on the interconnect; 
determining a delay per unit length of the signal charac 
terized by the equation Ös VLCV1+t/(L/R) using a 
line model where L is the inductance per unit length of 
the interconnect, R is the resistance per unit length of 
the interconnect, C is the capacitance per unit length of 
the interconnect, and 1?t is an exponential coefficient of 




where D is an amplitude and t is time; and 35 
reducing the delay of the signal by inserting a repeater on 
the interconnect. 
27. The method of claim 26, where reducing comprises 
reducing the delay of the signal by decreasing t. 
28. The method of claim 26, further comprising deter 
mining a delay for the repeater. 
40 
29. The method of claim 26, where determining a delay of 
the signal comprises determining an attenuation of the 
interconnect. 45 
30. The method of claim 26, the repeater comprising a 
complimentary metal on silicon latch. 
31. A method comprising: 
generating an exponential waveform having an essentially 
constant shape during transmission on a media at a first 50 
location; 
encoding a plurality of exponentials on a leading edge of 
the exponential waveform; 
transmitting the encoded exponential waveform to a sec 
ond location; and 55 
decoding the encoded exponential waveform at the sec 
ond location. 
32. The method of claim 31, where encoding a plurality 
of exponentials comprises encoding a plurality exponentials 60 
with distinct values for C. coefficients on the leading edge of 
the exponential waveform, where C. is an exponential coef 
ficient of a boundary condition characterized by the equation 
De', where D is an amplitude and t is time. 
33. The method of claim 31, where generating the expo 
nential waveform comprises generating the exponential 
waveform on a dispersive lossy media. 
65 
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34. A method for determining a length of an interconnect 
for a desired delay, comprising: 
generating a signal on an interconnect; and 
determining a length of the interconnect characterized by 
the equation 
A l= — , 
VLC. 1 + . 
where L is the inductance per unit length of the interconnect, 
R resistance per unit length of the interconnect, C is the 
capacitance per unit length of the interconnect, where 1?t is 
an exponential coefficient of a boundary condition charac 
terized by the equation 
Def, 
where D is an amplitude and t is time, and As is the desired 
delay. 
35. The method of claim 34, further comprising calculat 
ing an error for the desired delay upon determining the 
length of the interconnect. 
36. A method for determining a delay of the an intercon 
nect, comprising: 
determining a line delay of the interconnect of length l; 
determining a delay for a plurality of repeaters on the 
interconnect, the delay of the plurality of repeaters 
being proportional to a delay of a signal characterized 
by the equation & VLCV1+1/(L/R), where L is the 
inductance per unit length of the interconnect, R is the 
resistance per unit length of the interconnect, C is the 
capacitance per unit length of the interconnect, and 1?t 
is an exponential coefficient of a boundary condition is 
characterized by the equation 
Def, 
where D is an amplitude and t is time; and 
determining the delay of the interconnect by Summing the 
line delay and the delay for the plurality of repeaters. 
37. The method of claim 36, further comprising adjusting 
the interconnect delay by adjusting T. 
38. The method of claim 37, where as t decreases, the 
delay for the plurality of repeaters decreases. 
39. A thermometer, comprising: 
a signal generator configured to generate a truncated 
exponential waveform characterized by the equation 
V-De'SPSP on a media, where D is a magnitude, 
Vs, is a Voltage, t is time. As is an attenuation 
coefficient, and Vs is a propagation velocity; 
a processor coupled to the signal generator, the processor 
configured to 
(a) determine a delay of the exponential waveform; and 
(b) determine a temperature of the media, the tempera 
ture of the media being proportional to the delay of 
the exponential waveform. 
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40. The thermometer of claim 39, the signal generator and 
the processor are integral. 
41. A time domain reflectometer, comprising: 
a signal generator configured to generate a truncated 
exponential waveform on a media; and 
where the time domain reflectometer is configured to 
determine the length of the media using the truncated 
exponential waveform by timing the waveform cross 
ing a constant Voltage threshold. 
5 
52 
42. A time domain reflectometer, comprising: 
a signal generator configured to generate a truncated 
exponential waveform on a media, the truncated expo 
nential waveform having an essentially constant shape 
during transmission; and 
where the time domain reflectometer is configured to 
determine the length of the media using the truncated 
exponential waveform. 
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